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ABSTRACT
New techniques for the production of surfaces suitable 
for d irec t force m easu rem en t and a new  a p p a ra tu s  for 
perform ing the  m easurem ents are p resen ted . The surface of 
m ica w as modified by adsorption of a bilayer from su rfac tan t 
so lu tio n . The effect of in terb ilayer ad h esio n  is to cause  
m ultilayer form ation. Bilayers containing charged glycolipids 
were also deposited onto mica and with th is system  no adhesion 
w as m easured  between the bilayers. Silver films on m ica were 
p repared  by vacuum  evaporation and and by a new surface 
m odification technique which uses mica as a tem plate to mould 
the silver film. Mica was also covalently modified by a two step 
process. Firstly, the surface is treated w ith low tem perature 
w ater vapor plasm a. A combination of reaction and sputtering in 
the p lasm a environm ent alters the surface properties of mica. 
U nlike u n tre a te d  m ica the trea ted  surface h as  exposed 
hydroxyl groups and this allows the treated surface to be altered 
by reac tio n  w ith chlorosilanes. The p lasm a trea tm en t 
technique causes minimal alteration to the surface sm oothness 
a n d  o s c illa to ry  so lv a tio n  fo rces w ere m e a s u re d  in  
o c tam e th y lte tras ilo x an e  (OMCTS). R eaction  of the p lasm a 
tre a te d  m ica w ith (Tridecafluoro-1,1,2 ,2-T etrahydro  octyl)-1- 
D im ethylchlorosilane renders the surface hydrophobic and the 
force betw een these surfaces a t short range is an  exponential 
attraction- the hydrophobic attraction.
The new surface force ap p ara tu s  is a simplified yet 
improved version of the surface force ap p ara tu s  first developed 
by Israelachvili and Adams, J . Chem. Soc. F araday  Trans 1,
74,975(1978). It gives the same m easurem ent resolution and 
has the sam e possibilities of studying various phenom ena in thin 
films such  as friction, viscosity, adhesion and phase transitions. 
It offers improved performance with regard to control of surface 
separation  and increased versatility by virtue of variable cham ber
dim ensions and geometry.
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PARTI.
INTRODUCTION.
21. Why measure surface forces?
Soaps and detergents are used regularly to remove oil or 
grease from various articles. Household detergents used  for this 
purpose contain surfactants (short for su rface active agent) which 
are am phiphilic molecules. These molecules consist of a polar 
head group which is water soluble and a hydrocarbon tail which is 
oil soluble. When surfactan t is added to w ater and exposed to an 
oily surface, the surfactan t moves to the edge of the oil drop. The 
su rfa c ta n t molecules line up a t the oil-water interface with the 
hydrocarbon p art pointing into the oil drop and the polar head 
group im m ersed in w ater. The outside of the oil drop becomes 
w ater soluble and dislodges from the surface.
This action of su rfac tan ts in removing oil is fam iliar to 
everyone. The driving mechanism  for th is useful cleaning process 
resides in  the  forces between the m olecules involved. These 
interm olecular and surface forces are short in range (acting over 
a t m ost ljim) b u t they can exhibit dram atic co-operative behavior 
th a t leads to long range or macroscopic effects. Interm olecular 
forces can  be divided into three categories. Firstly, there are the 
forces th a t  b ind atom s together via covalent bonds to form 
m olecules. The next category, also quantum  m echanical, consists 
of forces w hich occur between molecules due to induced dipole 
in teractions. Finally, charges and perm anent dipoles give rise to 
electrostatic forces or Coulomb forces.
The forces betw een surfaces are a re su lt of the forces 
betw een m olecules in the  solids surfaces as well as those in 
in te rven ing  m edium . The cum ulative (although no t necessarily  
additive) effects of these forces can m an ifest them selves as
3complicated interactions. An understanding  of the forces between 
surfaces is im portant in many diverse technological areas. The 
stability of colloidal dispersions is directly influenced by the forces 
between the colloidal particles and can be controlled by changing 
the charge, hydrophobic/hydrophilic character of the surface or 
the solution in which the particles are dispersed. Forces also 
influence su rfac tan t aggregation and  ph ase  behavior and  the 
adhesion and lubrication between solids. This strong scientific 
and technological m otivation has spaw ned m any a ttem p ts to 
directly m easure these forces between m acroscopic bodies and a 
variety of different techniques have been developed. An appara tus 
to m easure surface forces requires m ethods for controlling the 
separation  and  detecting both the force (to w ithin 10‘8 n ) and 
separation  (to w ithin ±0.1 nm) between two surfaces in a highly 
reproducible m anner. The following chapters outline how this has 
been achieved with a num ber of different devices.
With such  devices viscosity, friction and  phase transitions 
can also be studied in extremely th in  films. The construction  of 
one such  device and the m easurem ent of these forces form the 
subject of th is thesis.
42. Direct force measurement techniques: Historical 
perspective.
Surface force m easurem ents can be considered to have begun 
w ith  the m easurem en ts of adhesion betw een crossed filam ents 
perfo rm ed  in  th e  1920’s by T om linson 1 and  in sim ilar 
experim ents Bradley 2 m easured the adhesion  betw een glass 
sp h e re s  in the  1930’s. The m easu rem en t of adhesion  energy 
betw een  solids is of fundam ental im portance. However, it 
constitu tes only a single point (i.e. contact between the surfaces) 
in the  entire force law and relating values of adhesion to surface 
forces is com plicated by deformation of the  in teracting  solids. 
This thesis is prim arily concerned w ith the m easurem ent of the 
entire force law between the surfaces and th is was no t achieved 
u n til the 1950’s when the forces between filam ents of glass were 
m easured  in Holland 3-6 and in the USSR7 -10. Many of the early 
m easu rem en ts  were la te r found to be un re liab le  due to the 
presence of an  electrostatic charge on the surfaces. It was not 
un til a  decade later th a t the first m easurem ents of forces between 
solids im m ersed in liquids were performed. A ttem pts to m easure 
the  forces between m etal fibres im m ersed in electrolyte 11 and 
the force between glass and rubber in surfactan t solutions 12 were 
m ade by the R ussian and Cambridge schools, respectively. Peschel 
and  co-w orkers developed an ap p a ra tu s  to m easu re  repulsive 
forces between quartz solids in a variety of liquids 13,14 Routine 
m easu rem en t of surface forces was not achieved un til the mid 
70’s. Israelachvili 13 developed an ap p a ra tu s  based  on th a t of 
T abor and W interton 13 to m easure the forces betw een mica 
sheets in liquids. An extensive set of data  has been collected with
5th is ap p ara tu s  (see chapter 3). More recently a num ber of other 
types of equipm ent has appeared. In France m easurem ents with 
alum ina surfaces have been performed 1? and Sonntag 18 (Berlin) 
and  L ubetk in  19 (Bristol) have co n s tru c ted  m ach ines and 
m easured forces in polymer systems.
The last few years has seen the advent of a new technique, 
known as atomic force microscopy (AFM) (ref 20 describes one of 
m any examples) , which allows the force between an  atomically 
sharp  tip and a surface to be m easured as a function of the tip 
position in the plane of the surface. This technique is an  extension 
of scann ing  tunnelling  microscopy 21 in  w hich the tunnelling 
curren t is m easured as a function of tip /su rface  separation as the 
tip is scanned across the surface.
2.1 Surfaces and Geometry.
It is obvious th a t the success of any attem pt to m easure 
surface forces is dependent on the natu re  of the surfaces used. A 
num ber of surface properties are essential for m eaningful force 
m easurem ents. Firstly the surfaces m u st be highly sm ooth. If a 
“hill” on the surface extends to a separation  g reater then  the 
extent of the surface force then obviously the only interaction th a t 
can be m easured  (apart from the sm all am ount of surface force 
from the tip of the hill) is the steric force of com pression of the 
hill. The range of surface forces can be quite sh o rt and for 
oscillatory solvation forces (see later) the range of the force is 
dependent on the size of the solvent molecule. To m easure th is 
type of solvation force the surface used m ust be sm ooth to within 
atomic distances.
6The surface must be highly inert, it must not degrade from 
atomic smoothness during the course of the experiment and 
changes in the surface chemistry due to degradation can lead to 
changes in the surface forces. The surface must also be “hard” so 
that the force being measured is not simply that due to the 
compression of the surface material.
Direct measurements of surface forces have been carried 
out with a variety of materials. The Russian school have used glass 
7 and metal fibres 11 and polished silica discs have been used. 13 
The most popular substrate for direct force measurements, 
however, is the naturally occurring mineral muscovite mica. Mica 
(fig. 1.) has the chemical composition KAl2 (AlSi3 )Oio(OH)2 and 
consists of aluminosilicate layers held together by ionic bonds to 
potassium ions. The ionic bonds between the layers are weak when 
compared with the silicon-oxygen bonds within each layer. The 
crystal fractures preferentially along the weak ionic layers leaving a 
surface neutralized by potassium ions. These ions neutralize the 
negative charge that originates from the fact that one silicon out of 
four has been replaced by aluminum in the tetrahedral surface 
layer. About 0.5 nm below this tetrahedral layer is a layer of 
aluminum octahedrally coordinated to oxygen. The layered 
structure of mica allows the material to be cleaved into large 
molecularly smooth sheets. Mica prepared in this way is ideal for 
investigating intermolecular forces because the surface is smooth 
and the material is hard and chemically inert.
In practice mica is very easy to use. Large smooth areas are 
easily obtained. The sheets can be cut to size with a hot platinum 
wire and the surfaces can be stored by placing the sheets on a 
“backing sheet“ (a large sheet of freshly cleaved mica). The
1 nm
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Figure (1). The crystalline structure of muscovite mica as viewed from the side 
(above) and the basal plane (below). The basal plane consists of large 
aluminosilicate cavities.
7sm aller surface adheres in molecular contact to the backing sheet 
which prevents the surfaces from being contam inated while they 
are stored.
Paralle l p la te s  can  no t be u se d  for su rface  force 
m easurem ents because no technique has been devised to align the 
plates precisely. For th is reason all the reported m easurem ents 
have been carried ou t w ith surfaces w ith curved geom etries. 
E ither a sphere is used for one surface and a  plate used for the 
other surface or the geometry of two crossed cylinders is used. 
The geometry of crossed cylinders has an  additional advantage in 
th a t, if the region of contact becomes contam inated  during the 
course of an  experiment, then one surface can be moved, firstly 
along one axis of the cylinder and then  along the other to reveal a 
new  co n tac t position . This geom etry is also convenient for 
com paring experim ental resu lts  w ith theory. The D eryaguin 
approx im ation  22 can  used to relate the force m easured 
divided by the radius of the curvature of the surfaces to the free 
energy per un it area between flat surfaces.
F /R  = 2xE (1).
2.2 Force detection.
M ethods for detecting the force can  be divided into two 
broad  categories, those  where the deflection of a sp ring  is 
m easured and those based on balances.
82.2.1. The Simple Spring.
The sim plest conceivable method for determ ining the force 
between two surfaces is to m ount one of the surfaces on the end of 
a spring (see fig. 2). The other surface is driven toward the spring 
m ounted  surface and the force is found by m easu ring  the 
deflection of the spring. Hooke’s law is used to calculate the force 
from the deflection and the spring constant.
Repulsive forces and only weakly attractive forces can be 
m easured with a spring device. When the slope of the force being 
m easured exceeds the spring constant, the surfaces jum p together 
to a position where the slope of the force no longer exceeds the 
spring constant.
The deflection of the spring can be be m easured  directly 
w ith an  appropriate m ethod (see Section 2.4) or the deflection 
can be extrapolated from a calibration of the movement in a region 
of zero force (see section 2.5).
The simple spring has m any advantages for use in direct 
force m easurem ent.
i) It is simple and reliable
ii) It can be completely immersed in the m edium  in which 
the m easurem ents are being conducted.
ii) It is easy to clean and fabricate.
Several different spring devices have been used for force 
m easurem ents. The double cantilever spring  is preferred over 
sim pler leaf springs because the deflection is more linear with 
applied loads 23, Rolling and shearing which occurs with simple 
leaf springs is avoided (fig. 2 B.).
upper surface
A
lower surface spring stiffness k
Spring at rest
Under an attractive force.
Under a repulsive force.
Figure (2). A double cantilever force measuring spring at rest and under an 
applied attractive and repulsive force (A). The force at separation D is given by 
k(D-Do). The surfaces remain parallel when a double cantilever spring is used. 
The tilt on the surface is illustrated (exaggerated) for a single leaf spring in (B).
92.2.2 Balances.
If one of the surfaces is mounted a t the end of a beam which 
is free to pivot about a frictionless hinge then  the beam  will be 
displaced from its equilibrium position w hen a force is applied to 
the surface. The force on the surface is equal to the force applied 
to the  o ther end of beam  required to restore the beam  to its 
original position. This technique has been used by Deryaguin 7 and 
a  sim ilar technique has been used by Lodge and Mason 24 Briefly, 
the  ap p a ra tu s  consists of a  beam suspended from a torsion wire 
(fig. 3.). The surface is m ounted a t one end of the beam  and a 
m irror is m ounted a t the other end. The m irror forms p art of an 
optical system  to detect the displacem ent of the beam . A coil is 
a ttached the beam  and is surrounded by a magnetic field. A voltage 
is applied  to the  coil in order to m ain ta in  the beam  in its 
equilibrium  position.
2.3 Separation Control.
A com bination of separation control m ethods are usually  
used  in  surface force m easuring equipm ent. A coarse control is 
used  to bring the surfaces to within a range where m easurem ents 
can  com m ence. The coarse control h as  been achieved w ith a 
tran sla tio n  stage or a dove tail slide. One or more finer levels of 
control are used during force m easurem ent. Typically, such  a fine 
control needs to be able to control surface separation  to w ithin 
lnm .
Figure(3). Schematic representation of the magnetic balance apparatus of Deryaguin. A 
movable fibre (1) is fixed to the coil (2) of a mirror galvanometer. Light from a light 
source (3) is reflected onto a mirror (4). The rotation of the mirror is detected with two 
photo sensors which from part of a bridge circuit which controls the current in the coil.
2.3.1 The differential spring.
The appara tus of Israelachvili u ses three levels of control. 
The coarse control is achieved w ith  a dove ta il slide. An 
in term ediate control is achieved with a differential spring and a 
piezo electric crystal is used for the fine control (see Part III 
C hap ter 1). The differential spring (fig. 4.) consists of a weak 
helical spring pushing against a stiff double cantilever spring. The 
w eak spring is pushed by a shaft applying a force (equal to the 
displacem ent multiplied by the spring constant) to the stiff spring. 
The stiff spring then  deflects by an  am ount equal to the force 
divided by the spring constant. The stiff spring is deflected by an 
am ount equal to the motion of the shaft multiplied by the ratio of 
the two spring constants.
2.3 .2  Piezoelectric devices.
When certain types of crystals are deformed by an applied 
p re ssu re  they  develop electrical po ten tia ls. M echanical action 
provokes the appearance of a dipole in each crystalline un it cell of 
th e  m aterial by shifting the cen ters  of positive and  negative 
charges. This is known as the piezoelectric effect.25,26 The 
converse is also true, when a potential is applied across these 
m aterials they undergo a physical deform ation and th is property 
h a s  been extensively exploited for fine positioning  control. 
M odem polycrystalline ceramic m aterials such  as barium  titanate 
and lead zirconate titanate  (PZT) have been specifically developed 
for use as transducers and sensors.
Ceramic piezoelectric m aterials can be formed into a wide 
variety of shapes and sizes. Typically discs, p lates and tubes are 
available. A voltage is applied to electrodes covering all or p a rt of
k2
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Figure (4). The differential spring mechanism employed in the apparatus of 
Israelachvili. A weak helical spring is pushed by a micrometer shaft against a 
rigid double cantilever spring. The motion of the micrometer is reduced by the 
ratio of the two spring constants.
opposing surfaces in the device and an expansion or contraction in 
the device results. With appropriate choices of geometry and the 
piezoelectric m aterial positioning a t the sub-ängström  level is 
easily achieved. The use of piezoelectric tubes and the properties 
of piezoelectric m aterials is described in detail in Part III, Chapter 
2 .
2.4 Separation Measurement.
In general, m ethods for m easuring the separation  between 
two surfaces can be divided in two categories, those based  on 
optical, and those based on electrical techniques.
2.4.1 Optical techniques.
The ap p ara tu s  of Israelachvili employs an  interferom etry 
technique to determine the separation of the mica surfaces.27 The 
m ica surfaces are silvered on one side. The silvered sheets are 
glued to silica d iscs (silver side down) and  m ounted  in the 
app ara tu s with the mica surfaces facing each other. The opposing 
silvered m ica surfaces from an optical cavity and so w hen white 
light is shone on one side of the cavity only certain  wavelengths 
p ass th rough . The discrete w avelengths can be separated  and 
m easured  w ith a norm al grating  or prism  spectrom eter. A 
microscope is used to focus the light emerging from the surfaces 
onto the spectrom eter slit. The separated  w avelengths form a 
fringe p a tte rn  called fringes of equal chrom atic order (FECO ) 
(See fig. 5) .The theory and use of m ultiple beam  interferometry has 
been thoroughly investigated by Tolansky 28e
Increasing wavelength
A-n-1
Figure (5). Feco interference fringes obsereved in an optical spectrometer. 
The fringes appear as doublets due to the birefringence of the mica. A 
shows the fringes observed with the surfaces separated from contact by 
about 50 nm. B shows the fringes with the surfaces in contact and C with 
the surfaces separated by several microns.
The details of m ultiple beam  interferom etry between back- 
silvered m ica su rfaces have been  p resen ted  in ref. 27. The 
em erging light from the in te rferom eter co n s is ts  of d iscrete  
wavelengths Xn ^(n = 1,2,3..... ). and are the wavelengths
m easured  for two ad jacen t fringes w ith the m ica su rfaces in 
contact. If the surfaces are separated by a distance D the fringes 
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This resu lt is obtained from the equations presented in ref. 
23 and + refers to odd order fringes (n odd), and - refers to even 
order fringes (n even), ji =M<mica/M'in. w here M-mica is the 
refractive index of mica a t A,n ^ ,  and |im the refractive index of the 
m edium between the two mica surfaces a t Both the distance
D and the refractive index of the m edium  Um can be determ ined 
independently  by m easuring  the sh ifts in w avelengths for two 
adjacent fringes and using an  iterative procedure.
Each time a fringe passes the distance moved until the 
nex t fringe p asses  is exactly Xn 0 /2 |im  w here }im is the
refractive index of the m edium  between the surfaces. This can be 
used to m easure large surface separations by counting the num ber 
fringes which pass >.n ^ before the surfaces come into contact.
1 3
O ther m e thods are availab le for m easu rin g  large su rface 
separations (i.e. when the fringe of wavelength X n  is not visible.
< 3 >
Tp and Tp_i are the distances calculated from eqn. (1) with 
= X p  and = X p - i  and }i is the refractive index of the
m ed ium 2^. At very large separations the FECO fringes are close 
together. If the  w avelengths of any two ad jacen t fringes are 
m easured  as X p  and k p - i then  the separation  of the surfaces is
given by 2 9
D = (4)
where X n ® ,  ^n - l ^  are the wavelengths of any two adjacent 
fringes a t contact, and }i is the refractive index of the medium, as 
above.
The topology of the surfaces can be m easured  from the 
shape of the FECO fringes. The local rad ius of curvature in one 







Where f is the magnification of the microscope used to focus
the fringes onto the spectrom eter slit. The geometric m ean radius 
of curvature is given by R = (Rj|Rj_) 1/2, where Rj_ is the radius
m easured perpendicular to R | | .
O ther interferom etric techniques have been employed. The 
use of the more conventional heterodyne interferom eter is som e­
w h at re s tr ic ted  b ecau se  th e  op tical e lem en ts need to be 
m aintained a t highly precise separations. This problem has been 
overcome by an  ingenious technique, developed by Ruger et. al.20  
which uses a single-mode optical fibre to transm it polarized light 
from a laser to the cantilever tip of an  AFM. The light reflected 
from the tip interferes w ith the light from the laser and th is is 
detected with a polarizing beam  splitter and a photo diode.
2.4.2 Electrical techniques.
Several surface force appara tuses have used a  capacitance 
technique to m easure the separation  a n d /o r  force between the 
surfaces 16,19 The capacitance of parallel plate capacitor is given 
by:
(6)
where A is the area  of the plates and 1 the separation  between 
them  and e the dielectric con stan t of the m edium  between the 
plates. A one angstrom  change in the separation between two 1cm 
square  p la tes  separa ted  by 5(im corresponds to a change in
capacitance of 8 .9x10' 15 farads (8.9 femtofarads). Capacitance can 
be m easured to this level with appropriate electronics.
The ap p a ra tu s  of Georges et. al.16 h as  two capacitance 
sensors. Two plates, one connected to the upper surface and one 
connected to the lower surface, form one of the sensors and 
another separate sensor is connected to a double-cantilever force 
m easuring spring.
The scanning tunnelling microscope m easures the tunnelling 
curren t between a tip and a substra te . The cu rren t depends very 
sensitively on the separation of the tip and the substra te  and is not 
detectable a t a separations larger th an  a few nanom eters. The 
tunnelling curren t also depends on the substra te  and so it cannot 
be used  to quantify the separation  between the sam ple and the 
substrate.
2.5 Force measurement.
The m ethod chosen to m easure  a force curve natu ra lly  
depends on the equipm ent being used. However, regardless of the 
m ethod for detecting the separation or the spring deflection, the 
techniques for force m easurem ent w ith a spring device can be 
g rouped  in to  two ca tego ries; s ta tic  an d  dynam ic force 
m easurem ents. S tatic force m easurem ents are conducted when 
the surfaces are allowed to come to a complete rest prior to the 
m easurem en t being taken  and dynam ic m easurem ents, as the 
nam e implies, are conducted when one or both  of the surfaces are 
moving during the m easurem ent.
2.5.1 Static Force M easurement.
Force m easurem ent begins with the surfaces separated by a 
distance a t which surface forces are negligible (for in teractions 
w ith long decay lengths typically abou t 1000 nm). One of the 
surfaces is then  moved by a few nanom eters and allowed to come 
to rest. The separa tion  is th en  noted along w ith the  spring 
deflection and th is process is repeated un til the complete force 
curve is m easured. If the spring deflection is not being m easured 
directly it can be inferred by calibrating the m otion control in a 
region of zero force (see fig. 6.). The difference betw een the 
am ount th a t the surface separation should have changed by (from 
the calibration) and the actual m easured surface separation is the 
am ount the spring h as  deflected. More formally, if the  m otor 
calibration is dP/dD  (slope of the solid line in fig. 6.) and Dq and 
Pq are the initial separation and motor positions then  force scaled 
by the m ean curvature of the surfaces a t separation  D and P is 
given by.
f  = f ((po-p) ^  -0VD»
When the slope of an  attractive force exceeds the spring constan t 
of the force m easuring  spring the surfaces ju m p  to a  surface 
separation  where the slope of the force is less th an  or equall to 
the spring  constan t. The position of these instab ilities can  be 
m easured for a variety of different spring constants. M easurem ent 
of th is type of derivative force curve is only possible if a device 
which allows the spring constant to be changed during the course 















Figure(6). A plot of piezo expansion against separation in the presence of a 
repulsive force. The measurements at large separation are fitted to a straight 
line (slope dV/dD). The difference between this line and the measured point 
gives the spring deflection.
2.5.2 Dynamic Force M easurement.
As the  word im plies dynam ic force m easu rem en ts  are 
m easurem ents performed when one of the surfaces is in motion 
continuously during the m easurem ents. The first dynam ic force 
m easuring  technique was developed by H unklinger 31 and co­
workers in w est Germany and variations on the sam e technique 
have been used  by Israelachvili and Tabor.32 a  sensor (eg piezo­
electric bim orph strip  or a capacitance sensor) is connected to 
one of the surfaces and the other surface is vibrated a t some 
fixed frequency. H unklinger u sed  a m odified co n d en ser 
m icrophone as the sensor and m easured  the am plitude of the 
signal from the sensor. This is proportional to the surface force 
between the surfaces. Obviously if the surfaces are separated  well 
beyond the range of any surface force no coupling will occur 
betw een the surfaces and no signal will be detected. A sim ilar 
technique w as developed by Israelachvili and  Tabor, only they 
m easured the resonance frequency of the spring-m ounted surface. 
The re so n an ce  frequency  of a sp rin g -m o u n ted  w eight is 
proportional to its m ass. A repulsive surface force has the effect of 
in c reasin g  th e  m ass and  hence decreasin g  the  reso n an ce  
frequency. This technique was employed to m easure the effects of 
retardation on Van der Waals forces in vacuum  29 # The use 0f this 
force m easurem ent technique is com plicated w hen liquids are 
p resen t between the surfaces because the viscosity of the  fluid 
effects the coupling of the motion between the surfaces, b u t on 
the o ther hand  th is can be exploited to m easure  an  effective 
v isco s ity .33 (Note: the viscosity betw een flat p lates canno t be
obtained as contributions to the viscosity come from a range of 
surface separations due to the curvature of the surfaces 34) ,
C han and Horn used  the su rface force a p p a ra tu s  of 
Israelachvili to m easure the drainage of th in  films betw een two 
mica surfaces 35, a  video camera was used to record the FECO 
fringes onto video tape along with a digital display of time. The 
surfaces were driven continuously  and  and  the fringe image 
recorded. The position of the fringe tip was m easured w ith a video 
micrometer. Fig. (7) shows a plot of surface separation against time 
for a drainage run . The dashed line show s the m otion of the 
driving end of the force m easuring spring. The effect of bo th  an 
attractive surface force and a repulsive surface force is shown. 
From Reynolds theory Chan and Horn calculated the drag on the 
spring m ounted surface due to viscosity of the liquid between the 
su rfaces. The hydrodynam ic force Fj^ betw een two crossed 
cylinders of rad ius R i and R2 immersed in a liquid of viscosity q 
a t a separation of D is given by:
Rh = [(1/2)(1/R i + 1/R2 )1'1 is the harm onic m ean radius and Rg 
= (Ri R2 )1 / 2  is the geometric mean radius.
When the hydrodynamic force is included in a simple force 
balance Fh + F§= Fr  where Fr  is the restoring force due to the
spring then  the resu lts of drainage ru n s can be interpreted. Chan 
and  H orn d em o n s tra te d  excellent ag reem en t betw een  the 
m easured  d ata  and theory a t large separations, b u t a t sm aller 
separations Reynolds theory breaks down due to the m olecular
0 50  100 150 200  250
Time (s)
Figure(7). A plot of distance against time when driving two surfaces together at 
constant speed. The solid line shows the curve expected in the absence of any 
surface force. Note that the speed of the surfaces decreases with decreasing 
separation due to viscosity effects. An attractive surface force causes the surfaces to 
move more quickly and a repulsive surface force causes the surfaces to slow down.
n a tu re  of the  liquid. C laesson and C h ris ten so n  perform ed 
m easurem ents of the interaction between surfaces hydrophobed by 
deposition of su rfac tan ts  by driving the surfaces a t a constan t 
speed which was sufficiently low tha t the hydrodynam ic force was 
in m ost cases negligible 36.
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3. Force measurements over the last ten years.
The forces m easured between surfaces can be very loosely 
divided in to  th ree categories. F irstly , there  are e lectrosta tic  
in te ractions arising from charges on the surface and secondly, 
polarization forces due to dipolar in teractions (eg. Van der Waals 
forces) and, finally, there are s tru c tu ra l or solvation forces. An 
unam biguous classification of surface forces is impossible and these 
categories should not be considered as rigid or even independent 
of one another. The division of surface forces into these categories 
is the resu lt of history ra ther th an  science. A common definition 
of a hydration force is a repulsion which is in addition to th a t 
predicted by double-layer theory.
For the purposes of this discussion the above categorization 
will be adhered to. The famous DLVO (D erjaguin,Landau,V erw ey 
and  O v e r b e e k ) l ’2 theory trea ts  the force betw een two colloidal 
particles as the sum  of an attractive van der Waals interaction and a 
repulsion due to the electrical double-layer interaction. This theory 
predates the ability to m easure these forces directly. Experimental 
re su lts  are often com pared w ith DLVO theory and hence it is 
instructive to examine it briefly.
3.1 DLVO forces and continuum theory.
At the interface between any two p h ases a charge may 
develop. This charge can arise through the ionisation of ionisable 
groups. For instance, carboxylic acid groups presen t on a surface 
can ionize to give rise to a negative charge a t the interface. If the 
phases have a different affinity for ions then ions can adsorb a t the
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in terface betw een the phases. A charged surface in a liquid 
produces a diffuse double layer. One layer of charge is located at 
the interface and the o ther is d istribu ted  th roughout the liquid 
phase. The driving force for the production of the double layer is 
the increase in entropy caused by the dissociation of ions from the 
surface.
Gouy 3 and Chapm an 4 independently developed theories to 
describe the electrical double layer in the 1910's. They assum ed 
th a t charge at the surface was uniform (ie sm eared out ra ther than  
point charges) and th a t the finite size of ions h as  no effect. The 
charge density p a t a  given potential is given by :
div(gradvF) = -p/e (1)
W h ere  £ is the  sta tic  perm itivity of the m edium . The 
num ber density and hence the charge a t a given potential is given 
by the Boltzmann relation. For the one dim ensional case (i.e. away 
from a plane or around a spherical surface) :
ni = ni(°o)exp(-zie'F/kT) (2)
ni is the is the local concentration of an  ion of charge z{ and 
ni(oo) is the concentration of the ions a t an  infinite distance from 
the surface. A com bination of the above two resu lts (Eqns. 1 and 2) 




The solution to which is
tanh( 'l? r ) = 141111 (“j£r‘)exp('KX) (4)
Where k“ 1, the Debye length is given by
The surface charge a, m ust be balanced by the charge in the 
adjacent solution.
W hen two sim ilarly charged plates approach each other the  
overlap of the electrical double layer produces a repulsion . The 
counter ion concentration  at the mid plane (a plane equid istant 
from both surfaces) increases ( see fig. 1) . The force betw een the  




P = kT 2  (n; - ni(~)) (7)
d »  K
Non interacting surfaces
Interacting surfaces
Figure(l). Two charged surfaces, with surface potential at a large 
separation (above) and at a separation d. The potential profile 'F(x) is shown
schematically. The potential at the midplane is % 1.
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The concentration at the mid plane nj can be obtained from 
the Boltzmann distribution Eqn. 2. and by substitu tion  into Eqn. 7 
the pressure becomes:
P = kT Qoo(exp( -ZieT'm/kT) + exp(ZielFm/kT) -2) (8)
= 2kT Cioo (cosh(ZiexFm/kT) - 1) (9)
To solve th is equation 'Em m u st be known , th is  value 
depends on T'o and so the final solution depends on the boundary 
conditions invoked. Constant surface potential and constan t surface 
charge boundary conditions are m ost often used. A simple m ass 
action model which allows the surface charging to change as the 
su rfaces are b rough t together gives physically more realistic 
resu lts 5,6
The th eo re tica l DLVO cu rves w hich  w ere u se d  for 
com parison with experim ents in Part II were calculated using an 
exact num erical solution to the non-linear Poisson-Boltzm ann 
equation. The procedure selects a p ressu re  a t the m id-plane and 
then  calculates the surface separation which gives this pressure 7.
At large separations and across a wide range of potentials 
the Gouy-Chapm an theory of the electrical double layer predicts 
the in te rac tions betw een charged surfaces extrem ely well. The 
theory even predicts the interactions where the area per charge is 
large by com parison to the surface separation, a  situation where it 
could be expected th a t the d iscreteness of surface charge w~ould 
influence the interaction. At short distances the theory becomes 
completely inadequate in all b u t a few cases. Solvation effects often 
dom inate the  in teraction  in the sh o rt d istance regime. O ther
26
factors have in recent tim es been show n to be im portan t in 
predicting the interactions. These are:
i) The finite size of the ions.
ii) Image forces and ion-ion correlations.
iii) Specific solvent interactions.
More recently other theories and extensions have been made 
to Poisson-Boltzmann theory to account for these effects. The m ost 
accurate model of the double layer interaction has been developed 
by Kjellander and Marcelja. 8 Their method includes the effects of 
ion size, image charge and ion-ion correlations. For the interaction 
of surfaces in m onovalent electrolytes they  found the repulsive 
pressure to be smaller than  the corresponding PB resu lt except at 
a separation of 5Ä where the pressure is larger due to ion size.9 At 
large separations and dilute electrolyte the agreem ent between 
HNC and PB theory is very good. At high salt concentrations (0.5M 
and 1M) PB theory fails a t all separations and ion-ion correlation 
effects need to be invoked to explain the interaction between mica 
sheets in 0 .15M CaCl2 and the swelling behaviour of clays 12.
Attard, Mitchell and Ninham 10*11 developed an extension 
to double-layer theory which treats van der Waals and double-layer 
forces consisten tly  and the effects of ion-ion correlations and 
e lec tro s ta tic  im ages are are trea ted . The asym pto tic  form 
calcu lated  w ith  th is  extended trea tm en t is an  exponentially  
decaying interaction corresponding to the PB law for a system  with 
a different surface charge.
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3.2 Van der Waals Forces.
Late last century Van der Waals proposed two corrections to 
the ideal gas equation. One of the corrections accounted for the 
fact th a t the molecules in the gas had  a finite size. The other 
correction accounted for the dispersion  a ttrac tio n  betw een the 
m olecules. This a ttrac tion  a rises due to in s tan tan eo u s  dipole 
induced dipole interactions. At any given mom ent a dipole exists in 
an  atom  or a molecule due to fluctuations in electron densityJ
(these in s tan tan eo u s dipole m om ents esist even w hen the time 
averaged dipole m om ent is zero). This in s ta n ta n e o u s  dipole 
m om ent se ts  up  an  electric field and  induces the form ation of 
an o th er dipole m om ent in a nearby  molecule. The in teraction  
between the two dipoles leads to an  attractive force between the 
molecules.
T his type of Van der W aals force o ccu rs betw een 
m acroscopic bodies. For two sim ilar surfaces the force is always 
a ttractive. Two approaches have been  used  to calcu late these  
forces. H am aker 13 and de Boer 14 developed a m icroscopic 
approach: assum ing pair-wise additivity they sum  the London 
dispersion forces between all the m olecules in  the surfaces. For 
two semi-infinite half spaces across vacuum  the following relation 
is obtained
E(D) = -A n/127tD 2
A i i  is the  H am aker c o n s ta n t and  dep en d s on the 
polarizabilities of the  individual m olecules. D is the  surface 
separation . A continuum  theory to describe the Van der Waals 
interaction was advanced by Lifshitz 15. This theory overcomes the
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difficulties of the m icroscopic approach  of H am aker and the 
effects of m any body forces, dipolar contributions and retardation 
are dealt with. Calculation of the free energy of interaction involves 
sum m ing  the  co n trib u tio n s of flu c tu a tin g  po larization . The 
H am aker constan t varies with surface separation and becomes a 
Ham aker function. The treatm ent of Lifshitz is more accurate and 
th e  p red ic ted  re ta rd a tio n  effects have been  experim entally  
verified. In th is thesis the Van der Waals forces have only been 
m easured in the presence of a double-layer interaction. The effects 
of retardation, etc. are not detectable in the presence of a  strong 
double layer repulsion and the simple Ham aker form is all th a t is 
necessary to describe the interaction.
3.3 Forces between mica surfaces.
For the sake of brevity and because th is thesis is primarily 
concerned w ith forces between mica and modified m ica surfaces, 
only th e  w ork on m ica will be review ed. The ea rlie s t 
m easu rem en ts  of su rface forces betw een m ica sh e e ts  were 
conducted  in  air and  in vacuum . Israelachvili and  Tabor 16 
m easured a gradual transition  between non-retarded and retarded 
Van der Waals forces.
3.3.1 Aqueous Liquids.
M easurem ents of surface forces betw een m ica sheets in 
aqueous liquids were first reported  in 1976 17. Israelachvili 
showed th a t long-range double-layer forces are well described by 
an exact solution to the nonlinear Poisson-Boltzm ann equation 
and th a t for certain KNO3 concentrations an  additional repulsive
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force was present 18. This short range interaction was identified 
as a hydration repulsion and Pashley continued to study this effect. 
Fig. 2. shows the force m easured between mica surfaces in w ater 
and in 10"3 M KBr m easured with the appara tus described in Part 
III. The m easured interaction agrees well with the force predicted 
by DLVO theory in water, but, a  hydration force is observed at 10'3  
M KBr.
Pashley m easured forces between mica surfaces in a range 
of concentrations of Li+, Na+, K+, Cs+ chloride solutions 19. The 
short-range hydration repulsion was observed only above a critical 
concentration of salt. This critical concentration was different for 
each cation and it was postulated th a t hydration forces arise when 
cations adsorbed onto m ica are prevented from desorbing as the 
surfaces are brought to together. This work was later extended to 
include the divalent ions 20 Mg2+, Ca2+, Sr2+ and Ba^+ and 
hydration forces only appeared a t m uch higher sa lt concentrations 
th an  for m onovalent ions. Force m easurem ents were performed for 
the trivalent ions La^+ and Cr3+. A dsorption of trivalent ions 
causes a change in sign of the mica surfaces and the results were 
in agreem ent with DLVO theory in dilute solutions 21. a  closer re­
investigation of the forces in KC1 solutions showed th a t the short 
range hydration forces is not monotonic b u t h as  an  oscillatory 
com ponent with the periodicity of the oscillations equal to 0.25 ± 
0.03 nm  which is close to the m ean molecular diam eter of a water 
m olecule 22. More com plicated electrolyte so lu tions have been 
investigated. C laesson et. al. m easured the in teraction  between 
m ica sheets in a  range of aqueous q u a tern ary  am m onium  ion 
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Figure (2). Forces measured in water (circles) and 10 M KBr (squares and triangles). The 
solid lines represent the best fit to DLVO theory with the upper theoretical line calculated 
using constant charge boundary conditions and the lower with constant potential boundary 
conditions (surface potential ^  = 155 mV, Debye length k * = 170 nm). The theoretical
_3
curve for the results in 10 M KBr was calculated with constant charge boundary conditions 
(surface potential 'Fq = 85 mV, Debye length = 11 nm.)
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displaced from the mica surface by a S tem  layer equal to the size 
of the adsorbed ion2 3,
3.3.2 Nonaqueous liquids.
C ontinuum  Van der W aals theory predicts th a t the force 
betw een two mica surfaces in a non-polar liquid should  be a 
monotonic attractive function of surface se p a ra tio n  13-14, a  liquid 
reta ins a certain  am ount of short-range order away from a solid 
su rface due to packing co n s tra in ts . The density  d istribu tion  
between two walls oscillates w ith separation  and so one m ight 
expect the force to behave sim ilarly and th is  was theoretically 
predicted by Mitchell et. al. 24 Monte Carlo techniques produced 
the sam e result. 25 ,26  The fir s t experim ental verification came 
with the m easurem ent of the force between mica sheets across 
OMCTS (octam ethylcyclotetrasiloxane) reported  by Horn and 
I s r a e la c h v i l i2 7 ,  At sm all separations betw een the surfaces the 
force reflects the energetics of packing of the molecules between 
the surfaces. Consider two interacting planes (remember the force 
between a sphere and a flat F /R  = 2tcE). When the separation 
equals an  integral num ber of m olecular diam eters the molecules 
can pack with a density close to bulk (see fig. 3). As a result there 
is a m inim um  in free energy a t these positions. At non-integral 
(m olecular d iam eter) spacings betw een  the  su rfaces  the  
m olecules cannot pack w ithout the presence of em pty areas or 
“voids” and consequently there is a free energy maximum. The 
m agnitude of the m axim a and m inim a increases with decreasing 
surface separation and the period of the oscillations is close to the 








Figure(3). The molecular ordering as a function of separation is shown 
schematically for a non-polar liquid . For separations equal to an integral 
number of molecular diameters there is a minimum in free energy, for non 
integral separations there is a maximum in free energy due to the creation 
of "voids".
- I-------- 1-
0 1 2 3 4 5 6 7 8 9  10
D (nm)
Figure(4). Forces between mica surfaces in octamethyltetracyclosiloxane measured 
with apparatus described in part III. The circles are the results from 4 separate 
“inwards” force runs and the minima (triangles) were obtained by measuring the “jump 
out” from that position.
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m ica sh ee ts  accross OMCTS m easured  w ith the  ap p a ra tu s  
described in p art III).
Oscillatory force curves of this type have been m easured in a 
n u m b e r  of liqu ids: cyclohexane 2 8 , 2 9 ^  benzene 2 8 t
t e t r a c h l o r o m e t h a n e  2 8 ,  a n d  i s o - o c t a n e  (2 ,2 ,4-  
tr im e th y lp e n ta n e )2 8 . \n  all cases the force a t short range is a 
decaying oscillatory function of distance with a  periodicity equal to 
the m ean m olecular diam eter. With the exception of iso-octane 
the studied liquids all exhibit about 8-10 m easurable oscillations. 
Iso-octane shows only 3 or 4 detectable oscillations and at larger 
separations the force is attractive and consistent w ith a Van der 
W aals in teraction. This difference is m ost likely related to the 
g reater degree of bond rotation a n d /o r  m olecular asym m etry of 
the iso-octane molecule. All the others are either completely rigid 
or ring-shaped molecules with only very limited flexibility.
The n-alkanes show an  oscillatory force law between mica 
surfaces 30,31 b u t in th is case the periodicity of the oscillations 
is equal to the w idth  of the alkane chain ra ther th an  the m ean or 
the extended length. The height of the m axim a in th is case was 
however m uch lower th an  for the more rigid m olecules such  as 
OMCTS. The n-alkanes m ust to some extent be ordered parallel to 
the mica surfaces.
The forces in b inary  m ixtures of liquids have also been 
studied. Both m ixtures of polar-nonpolar and nonpolar-nonpolar 
liquids have been  investigated. The in te rac tion  betw een mica 
surfaces in a m ixture 25 mole% cyclohexane and OMCTS shows a 
reduction  in the  range and s tren g th  of the  solvation forces 
observed for OMCTS alone. 32  in c reas in g  th e  co n ten t of 
cyclohexane, in th is system , to 50 mole% decreases the range of
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the oscillations to below that observed in either of the pure liquids 
and  th e  periodicity  is in te rm ed ia te  betw een OMCTS and 
cyclohexane. 32 Simple ‘packing’ argum en ts can be used  to 
explain th is  effect. The cyclohexane m olecule is sm aller th an  
OMCTS and is available to fill ‘voids’ created  a t unfavorable 
separations in the pure liquid and the m axim a in free energy at 
these separations is reduced. The presence of even small am ounts 
of w ater have a dram atic effect on the forces in non-polar media. 
At w ater contents between 5 and 25% of sa tu ra tion  the range and 
m agnitude of the oscillations presen t in dry OMCTS are severely 
reduced 33. w hen  the water content is increased the oscillations 
d isappear completely and are replaced by an  attraction . At large 
separations th is  force is presum ably due to the Van der Waals 
interaction. At shorter separations the attraction  is due to phase 
separation of water between the surfaces.
W ater has a higher affinity for the m ica surface than  does 
OMCTS and so there is a surface excess of water. The presence of 
the w ater close to the surface leads to a disruption in the packing. 
A sm aller molecule i.e. water, is available to fill the “voids” which 
are expected to form as the surfaces are pu sh ed  passed  the 
positions of the maxima and hence only an  attraction is m easured. 
A lternatively, the w ater adsorbed to the m ica surfaces can be 
viewed as rough en in g  the su rface w hich sm ears  o u t the 
oscillations.
Dipolar liquids have also been investigated with the surface 
force technique. The forces m easured between m ica surfaces in 
propylene carbonate 34 show a long-range repulsion in complete 
accord w ith DLVO-theory b u t a t close separations the Van der 
Waals force is replaced by an oscillatory solvation interaction. As
33
with the simple nonpolar liquids the perodicity of the oscillations 
is close to the m ean molecular diameter and the m agnitude decays 
w ith  increasing  surface separation . The force m easu red  in 
acetone35 is very similar, consisting of an  oscillatory solvation 
force on a background repulsion due to the electric double layer. A 
change in the electrolyte concentration in these system s produces 
a change in the decay length of the  double-layer force, as 
expected, b u t a t least for low concen tra tions (<10 '3  M) the 
solvation interaction appears unchanged.
Hydrogen bonding liquids other th an  w ater have also been 
investigated . The force betw een m ica su rfaces im m ersed in 
m ethanol 35 iSt also, not very different from th a t m easured in a 
nonpolar liquid. The long-range force is accurately described by 
DLVO-theory, b u t at separations below about 1 nm  the attractive 
Van der Waals force is replaced by an oscillatory solvation force. 
This is qualitatively  sim ilar to th a t m easu red  in dipolar or 
nonpolar liquids.
E th y len e  glycol (1 ,2 -e th an ed io l) can  form  th re e -  
dim ensional netw orks of hydrogen-bonds and  in th is  respect is 
sim iliar to w ater. The m easured forces 36  a re very sim iliar to 
o ther dipolar liquids, consisting of DLVO and a super-im posed 
so lvation  in te rac tio n . Finally, the  forces in  a  fused  sa lt, 
ethy lam m onium  n itra te , are com pletely dom inated  by an 
oscillatory solvation force 37 and because of the very short Debye 
screening  length  in th is system  electrostatic  effects become 
apparent only a t substantial water concentrations.
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3.3.3 Forces in surfactant systems.
Elucidating the adsorption and interaction m echanism s of 
su rfa c ta n t m olecules a t aqueous in terfaces is cen tra l to an  
u n d e rs ta n d in g  of the properties of m em branes, soap  films, 
em ulsions and  m icroem ulsions. Forces betw een su rfaces w ith 
adsorbed  su rfac tan ts  are im p o rtan t in m ineral flo tation and 
stability of colloidal dispersions. Adsorption of surfactant molecules 
can  change bo th  the electrical charge and  the  h y d ro p h ilic / 
hydrophobic character of the surface.
The interaction of bilayers adsorbed to the basa l p lane of 
mica has been m easured for a num ber of su rfactan t system s with 
the Israelachvili surface force ap p a ra tu s . The driving force for 
su rfa c ta n t adso rp tion  is the s tro n g  e lec tro sta tic  in te rac tio n  
between positive head groups and the negative charge on mica. 
The hydrophobic interaction between the hydrocarbon ta ils of 
the molecule is also im portant in adsorption. At low concentrations 
su rfac tan ts  generally adsorb to an  oppositely charged surface to 
form  a hyd ro p h o b ic  m onolayer. At h ig h e r s u r f a c ta n t  
concentrations a bilayer forms. F u rth e r adsorp tion  to form 
multilayers in system s with similarly charged surfactan ts is rarely 
observed due to the strong electrostatic repulsion betw een the 
head groups 38 and absence of adhesion between adsorbed layers. 
However, in some su rfac tan t system s upw ards of 30 additional 
layers can adsorb 39.
In te ra c tio n s  betw een  m ono layers an d  b ilay e rs  of 
c e ty l t r im e th y la m m o n iu m  b r o m i d e  ( C T A B ) 3 8 - 4 4  and  
dihexadecyldim ethylam m onium  acetate (DHDAA)45 adsorbed from 
s o l u t i o n  a s  w e l l  a s  b i l a y e r s  of  d i m e t h y l
d i o c t a d e c y l a m m o n i u m b r o m i d e ^ ö  (DDOAB) deposited  by the
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Langm uir-Blodgett technique have all been m easured  on mica 
surfaces. With increasing concentration monolayer and then  bilayer 
adsorption have been shown to take place. In the case of DHDAA, 
however , sequential adsorption gave different resu lts com pared to 
adsorp tion  from a single concentration. 4 7  p 0r DHDAA above 
5x10 “4 M the Debye length corresponds to the concentration of 
d issociated anions on ly47 . Similarly, for CTAB 4 2  and sodium  
dodecylsulfate 48  (SDS) above the C.M.C the Debye length is given 
by the concentration of free anions (counterions) and m onom ers 
only, but, for concentrations of DHDAA less th an  10*5 M the effect 
of aggregates is to give a shorter than  expected Debye length4 7.
The effect of different added electrolytes on forces h as  also 
been studied. Large concentrations of added electrolyte swamp the 
effect of aggregates on the Debye length and allow the forces to 
be in terp reted  w ith simple DLVO theory. As a re su lt the  ion 
binding of different counterions h as  been calculated from the 
surface charge obtained by fitting the m easured force curves. With 
bromide as the counterion the DHDAA behaves as if 80-90%  of the 
anion is bound, whereas with acetate the surfactan t behaves as if 
fully dissociated4 5.This change in ion binding has been correlated 
with differing aggregation behaviour between the two anions. The 
ion binding for a large num ber of counter ions has been m easured 
for deposited bilayers DDOAB46.
H ydration  forces have been  d em o n s tra te d  in  som e 
su rfac tan t system s. M easurem ents between deposited bilayers of 
d ipalm itoy lphosphatidy lethanolam ine, d ipalm itoy lphosphatidy l- 
choline show  an  additional repulsion in the range 0 -2 .5 n m 4 9. 
Between the head groups of nonionic su rfactan ts there is a short- 
range in te rac tion  th a t is repulsive a t low tem p era tu res  and
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becom es increasingly attractive as the tem peratu re is r a i s e d ^ .  
This in teraction  is related to a "hydrophobic hydration" of the 
oxyethylene head  g r o u p s ^ .  Early resu lts  obtained w ith CTAB 
adsorbed to mica seemed to show a hydration forced 1. Recently, 
however, doubt has been cast on these resu lts due to the use of a 
con tam inated  sam ple and  repeat m easu rem en ts  do no t give 
conclusive evidence of the existence of a hydration force in th is 
s y s t e m . 4 3 ,4 4  There is a t p resen t no firm evidence for the 
p resence  of hyd ra tion  forces betw een q u a te rn a ry  am m onium  
surfactan t bilayers. In many cases the double-layer repulsion is so 
strong as to completely m ask even a sizeable hydration force. If a 
hydration  force is p resen t then  its only effect is to remove the 
adhesive p rim ary  m inim um  betw een b ilayers expected to be 
presen t in these systems.
The effects of cosurfactants, such  as pentanol, have been 
investigated b u t are still not well understood  51 . C hapter 2 
(Partll) d iscusses the effect of pentanol in detail.
3 .3 .4  Forces between hydrophobic surfaces.
The first m easurem ents of the in teraction  between mica 
sh ee ts  m ade hydrophobic by adsorp tion  of CTAB showed, in 
addition to a double-layer repulsion, an  attraction  which was an 
order of m agnitude stronger than  the van der W aals interaction 
w ith an  exponential decay length of abou t ln m  52 # Tlie forces 
between uncharged hydrophobic surfaces prepared by adsorption 
of dihexyldecyldimethyl ammonium acetate were found to be m uch 
stronger and longer in range. 53 Later m easurem ents by Claesson 
et al. between surfaces prepared by Langmuir-Blodgett ascribed an 
even longer range to the  hydrophobic in te rac tio n  5 4 # The
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definitive work on the hydrophobic interaction was performed by 
C hristenson and Claesson who m easured an  exponential attraction 
extending to lOOnm with a decay constan t of between 12 and 16 
nm 55,56, For hydrophobic surfaces prepared with a fluorocarbon 
su rfac tan t bubbles containing w ater vapour or dissolved air were 
found around the contact region.
There is as yet no theoretical understanding  of the range of 
the hydrophobic interaction. Simulations of water in contact with a 
hard  wall show a re-arrangem ent of molecules allowing the fluid to 
preserve as m any hydrogen bonds as possible . Monte Carlo 
sim ulations show an oscillatory attractive p ressu re  w ith a decay 
length of only a few m olecular d iam eters. 57 Most com puter 
models of w ater do not include m olecular polarizabilities and as a 
re su lt they do no t evaluate the co-operative effects which are 
expected close to a hydrophobic surface very accurately. Eriksson 
et. al. have developed a m ean field phenom enological model for 
the long-range part of the interaction 58.
3.3.5 Forces in polymer systems.
Polym ers ac t as steric  s tab ilize rs  in  wide range of 
d isp ers io n s su ch  as pain t, blood, soils and  ph arm aceu tica l 
em ulsions and  so it is not su rp rising  th a t there  h as  been a 
considerable effort invested in directly m easuring  the forces due 
to steric stabilization. Forces in polymer system s are not dealt with 
in th is thesis and so th is area will be dealt w ith only extremely 
briefly
The first m easurem ents of forces in polymer system s were 
reported by Israelachvili et al 59 who m easured  the in teraction  
between m ica sheets in a 0.01% solution polyethylene oxide in
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w ate r. The m easu red  forces w ere h igh ly  h y s te re tic  and  
monotonically repulsive on approach b u t after significant overlap of 
the polymer chains sticking occured and there was an  effective 
adhesion.
The forces in aqueous collagen solutions are monotonically 
repulsive, but, in polystyrene in cyclohexane a weak attraction  at 
D<2.5 Rg (the rad ius of gyration of the polymers) followed by a 
steeply rising repulsion 60 iS observed. Several different polymers 
have been investigated; poly-L-lysine 61, poly-2-vinylpyridine) 62 
and a num ber of block co-polymers63,64,65>
Typically the force curves m easured  show a steeply rising 
repulsion due to the steric in teraction of the adsorbed polymer. 
Sometimes a weak attraction is observed outside the range of the 
s te ric  rep u ls io n . The forces betw een  th e  b lock  copolym er 
poly (vinyl-2-pyridine)/ polystyrene are easily in te rp re ted . The 
poly(vinyl-2-pyridine) (PV2P) block adsorbs strongly to mica with 
the polystyrene (PS) chains stretched  away from the surface in 
good solvents (toluene) . In the © solvent (a solvent where the 
interactions between the segem ents in the polymer chain and the 
in te rac tion  betw een segm ents and the solvent are the  same) 
cyclohexane the PS chains con tract and the force is of m uch 
shorter range. The range of the forces and their dependence on 
the m olecular w eights of the block w as explained by simple 
packing argum ents 6 5 1
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PART II




A m ajor aim of th is work is to produce novel surfaces 
suitable for investigation with the surface force technique. There 






The first two techniques have been extensively used for creating 
surfaces formed from surfactants. Both monolayers and bilayers 
have been  formed on m ica by adsorp tion  from solu tion  or 
L angm uir-B lodgett deposition . The effect of in te rb ilay e r 
a d h e s io n  on th e  a d s o rp tio n  of N -(l-h y d ro x y e th y l)N - 
methyldidodecylammonium bromide is discussed in Chapter 1. 
The Langmuir-Blodgett technique was used to prepare bilayers 
containing charged glycolipids in Chapter 2. Vacuum  deposition 
and a new surface modification technique, “m oulding”, are used 
to produce silver surfaces and the forces between one silver and 
one mica surface are reported in Chapter 3. Mica is not reactive 
to functionalization w ith the common chlorosilanes. C hapter 4 
describes a cold p lasm a technique which allows reactive mica 
surfaces to be produced.
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2. The effect of interbilayer adhesion on the forces 
between bilayers o f N-(l-hydroxyethyl)N-methyl- 
didodecylammonium bromide
To date bilayer surfaces prepared  by adsorp tion  from 
solution of surfactants to mica have not shown a strong adhesion 
when brought into bilayer contact. A serious complication can 
be imagined when there is a m inim um  in free energy with the 
bilayers in contact. If there is no force barrier there is nothing 
to h a lt the adsorption process and m ultiple layers m ay form. 
Even in the presence of a strong force barrier, for instance a 
double-layer force, it is unclear w hat effect interbilayer adhesion 
would have on the adsorption process. N-(l-hydroxyethyl)N- 
methyldidodecylammonium bromide (HEMDAB) bears a hydroxyl 
group close to the head group (structure shown schem atically in 
fig. 7) and  th is  group can form hydrogen bonds w ith w ater, 
appropriate  coun terions or even itself. There is as yet no 
correlation between ion binding and the chemical na tu re  of the 
bilayer surface. Previously, the degree of binding h as been 
correlated with the degree of hydration of the anion, based only 
on its size 1.
The chem ical n a tu re  of surface groups m u st play an 
im portant role in ion binding and the effect of a hydroxyl group 
in the  HEMDAB m olecule can  be determ ined by com parison 
w ith the sim pler quaternary  am m onium  brom ide su rfac tan ts . 
M easurem ents w ith su rfac tan ts  bearing different head  groups 
m ay also provide inform ation on the  possible occurrence of 
hydration  forces betw een bilayers of q u a te rn ary  am m onium  
surfactan ts. The hydroxide group in HEMDAB is in a  sim ilar
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arrangem ent to th a t expected with pentanol adsorbed in the 
d ihexadecyld im ethylam m onium  ace ta te  (DHDAA) su rfa c ta n t 
layer^ and th is provides an  ideal opportunity to investigate the 
effect of surface-bound  hydroxyl groups on the in terbilayer 
forces. We th u s have a  possible model for the action of pentanol 
in the bilayers of the simpler surfactants.
2.1 Results.
2.1.1 Bromide Bilayers.
All HEMDAB (obtained from Sogo Ltd) solutions were 
allowed to equilibrate for a t least 24 h rs  prior to use . The 
su rfac tan t w as adsorbed on the mica basal plane by filling the 
appara tu s with w ater and then  injecting the su rfactan t solution 
to give the concentration  required. Alternatively, a droplet of 
w ater was placed between the surfaces and the appara tu s then  
filled with a solution of the desired concentration.
W ithin 20 m inutes of addition of preequilibrated 10'4 M 
su rfac tan t solution (with a w ater droplet between the surfaces) 
the m easured  in teraction shows the presence of a long-range 
rep u ls io n  and  the  su rfaces  ju m p  in  from  a sep a ra tio n  
corresponding to the adsorption of a bilayer on each surface (5.3 
nm) (All m easu rem en ts  are m ade relative to the  adhesive 
contact m inim um  of the mica surfaces in pure water). They 
come to rest a t a separation one half of th is (2.7 nm) and show 
very strong  adhesion , characte ris tic  of hydrophobic contact 
9,10(400 mN/m). On subsequent approach after separation the 
m easured interaction is often strongly repulsive and indicative of
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the adsorption of m ultilayers of su rfac tan t (several steps, each 
corresponding to the thickness of a single bilayer are observed).
If an  equilibration  tim e of 24 h rs  is allowed before 
m easurem ents are m ade the in teraction appears as in Fig. 1. 
T hese re su lts  are very reproducib le from m easu rem en t to 
m easu rem en t (the re su lts  of th ree  different force ru n s  are 
show n in the figure) and are fitted quite well by DLVO-theory 
using the non-linear Poisson-Boltzmann equation a t distances > 
9 nm  (solid b lack line). At d istances less th an  9 nm  the 
m easured curve shows an additional repulsion not predicted by 
DLVO-theory (see Fig. 2) followed by an attraction which causes 
the  su rfaces to ju m p  into bilayer con tac t (5.3 nm) from a 
separation  (8nm relative to m ica-m ica contact in water) m uch 
greater th an  expected from van der Waals theory. The m easured 
jum p distance relative to bilayer contact is 2.7 nm (equal to the 
bilayer thickness) as opposed to the theoretically expected value 
of 0.7 nm . The m easured  adhesion  betw een the adsorbed 
bilayers is 14.5 m N/m.
If the appara tus is drained and then  refilled with w ater to 
give a su rfac tan t concentration of approxim ately 10 '6  M the 
ou ter layer of the  bilayer w eakens w ith tim e and  can be 
squashed  out, as observed initially before equilibration. The 
su rfaces again come to an  extrem ely adhesive, hydrophobic 
contact. The m easured force is shown in Fig. 3 and as can be 
seen the surface charge has decreased considerably compared to 
the situation  a t 10-4 M. The Debye length, however, has only 
increased  very slightly and is m uch  sh o rte r th a n  would be 
expected on basis of the surfactan t concentration. Furtherm ore, 
a t separations below 10 nm  the m easured in teraction is more
10 M 
HEMD AB
°  = 0.041 Cm 
K = 30nm 
V“= 2 1 5 m V
D (nm)
Figure(l).  M easured forces (scaled as F/R where R is the radius of
-4curvature of the surfaces) between mica surfaces in 1x10 HEMD AB 
(N-(l-hydroxyethyl)N-methyldidodecyl ammonium bromide) solution. A 
2.6nm thick bilayer has adsorbed on each surface. The distances are 
measured relative to mica-mica contact in water. Results are shown for 
three different force runs. The solid line is the theoretical DLVO force 
calculated and includes the non-retarded van der Waals interaction with 
A l21 = 1x10"^J. The curve is calculated assuming a constant charge 
interaction with a Debye length k =30nm and a charge of 0.041 Cm with
the potential of the surfaces at infinite separation at XF<^>= 215mV.
\|/o=130 mV
D (nm)
Figure(2). An expansion of figure(l) shows an upturn in force not 
predicted by theory and a jump into contact from a distance much greater 
than expected. If the plane of charge is shifted to the positions indicated by 
the dashed lines the curve can be fitted with the charge shown and the 
Debye length K'^held constant at 30nm with no van der Waals interaction.
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Figure(3). Measured forces after dilution of HEMDAB from 1x10^ to 
approximately 10'® M, measured relative to monolayer contact. The bilayer 
weakens and the surfaces jump into hydrophobic contact from a distance of 6nm. 
The measured distance plotted against time when driving the surfaces together at 
constant speed is shown below (Figure(3 [b]). The plot clearly shows that there 
are two jumps the first being either van der Waals or pushing out of an additional 
layer the second being the pushing out of the final surfactant layer. The surfaces 
then come to an extremely adhesive contact characteristic of the hydrophobic 
interaction.
repulsive th an  expected from the fit a t large separations. A clue 
to the reason for this is provided by the resu lts shown in Fig. 3b 
where the separation as a function of time when the spring is 
driven a t a constant driving speed is plotted (See P a rti, chapter 
2 ). One can clearly identify two steps, each corresponding to 
the th ickness of an  adsorbed bilayer, a t separations below 10 
nm. It appears th a t multilayers are still present, in spite of the 
dilution. The extra repulsion is of the sam e order as found at 
1 0 '4 M.
If s u r fa c ta n t so lu tion  is in jec ted  to give a final 
concen tration  of 10"5 M HEMDAB the resu lts  are som w hat 
variable from experim ent to experim ent and between different 
force ru n s . Fig. 4 shows a case w here the m easured  Debye 
length (96 nm) is in good agreem ent w ith th a t expected for a 
fully dissociated 1:1 electrolyte a t th is concentration. Again the 
surfaces jum p into an  adhesive m inim um  b u t in th is case the 
jum p distance is well predicted by Van der Waals theory. Note, 
however, that, the jum p occurs a t the same separation as at 10"4 
M.
In other cases the force curves m easured a t 10"5 M show 
the additional repulsion at short range, of the same m agnitude as 
th a t encountered a t 10~4 M. On successive m easurem ents the 
Debye length is often found to increase from initially sm aller 
than  expected values (20 nm  - corresponding to more th an  1 0 '4 
M in univalent electrolyte). The inward jum p, however, is always 
observed a t the sam e position, viz. 8 nm  with repect to mica- 
mica contact in water. The m easured adhesion (6.4 mNm4 ) is 
roughly half th a t m easured at 10"4 M .
0 20 40 60 80 100
D (nm)
Figure(4). Measured forces (scaled as F/R) between mica surfaces in 1x10"  ^
HEMD AB solution. Again a 2.6nm thick bilayer has adsorbed on each 
surface. The solid line is the theoretical DLVO force calculated assuming
9
constant charge with a surface charge of .032 Cm and the Debye length 
K  ^= 96nm.
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When 5 x 10"4 M potassium  bromide is added to the 
10 ' 5 HEMDAB solution the surface forces shown in Fig. 5 are 
m easured . There is no additional repulsion b u t once again the 
ju m p  occurs from 8 nm, a distance m uch greater than  expected 
if only Van der Waals forces were acting between two adsorbed 
bilayers. Again it appears th a t  an  additional layer is being 
squashed  out from between the surfaces. The adhesion is now 
w eak (0.6 m N m 'l) and in the repulsive regime.
2.1.2 Acetate Bilayers.
W hen 0.025 M sodium  acetate is added to 1 x 10"5 M 
HEMDAB and 5 x 1 0 '4 M potassium  brom ide the forces shown 
in Fig. 6 are m easured. The m easured forces agree very well with 
DLVO theory all the way down to bilayer contact. No adhesion is 
observed between the bilayer surfaces in the presence of acetate. 
Note th a t  the  theore tica l curves p red ic t inw ard  ju m p s a t 
sep ara tio n s of 0.4  nm  or less and th a t th is  is too sm all to 
m easu re  w ith any certain ty . W ith aceta te  added to 10 ' 5 
HEMDAB to give a final concen tra tion  of 4.9x1 O'4 M, the 
m easu red  forces agree well w ith DLVO theory all the  way to 
bilayer contact. Again there is no sign of any adhesion and no 
inw ards jum p was m easured.
2.1.3 Effect of added Pentanol.
The addition of 1% pentanol to the bulk  solution of 10" 5 
M HEMDAB with 4.9 x 10~4 M acetate has no immediate effect 
on the  forces b u t after 24 h rs  have elapsed they appear as 
indicated in Fig. 6. If the plane of charge is se t a t the bilayer 
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Figure(5). Measured forces in a solution of lx lti^  HEMDAB and 
5x10’^ KBr. The solid theoretical curve is calculated assuming constant 
charge boundary conditions with the debye length and charge as shown. 
The surfaces jump into contact from a distance (8nm with respected to 
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Figure(6). Measured forces after sodium acetate is added to give a concentration of 0.025 
M, to the solution described in figure (4) (lower line open squares). The theoretical curve 
calculated, assumming constant charge of 0.056 Cm'^, Debye length kr^  = 1.9nm, and is 
in close agreement with measured forces all the way to bilayer contact. The curve 
corresponds to a 21% ionized surface. The second curve shows the measured forces in
c -41x10 surfactant and 4.9x10 M sodium acetate (filled squares and filled circles). The 
theoretical curve (solid line) is calulated assuming a constant charge of 0.0121 C m ,  
Debye length (13nm), which corresponds to an ion binding of 95%. Finally the top curve 
shows the effect of adding 1% pentanol to these conditions. The surfaces jump into an 
adhesive contact from a distance (8.0nm) much greater than expected from van derWaals 
theory. If the plane of charge is set at the original bilayer position (5.3nm with respect to 
mica-mica contact in water) then the results can be fitted with a curve assuming full 
dissociation ( 0.26 Cm'^). However moving the plane of charge to 8.0nm allows the results
to be fitted with a lower charge (0.024 Cm'~ ) and = 148 mV. The ion binding
calculted from this charge is 91% which is in good agreement with the value obtained with 
no added pentanol.
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dissociation (a = 0.26 Cm'2) and setting the Debye length equal 
to th a t calculated from the solution concentration (13.9 nm). 
A lternatively, moving the p lane of charge ou t by a bilayer 
th ickness and lowering the surface potential to 148 mV gives an 
equally good fit. The charge then  corresponds to 91% ion 
binding.
The forces also show an  additional a ttraction  giving rise 
to a jum p in from a distance m uch greater th an  expected from 
van der Waals theory. Again the jum p distance corresponds to 
the m easured bilayer thickness .
2.1 .4  Didodecyldimethylammonium bromide bilayers.
In a separate  experim ent the forces between bilayers of 
d id o d e c y ld im e th y la m m o n iu m  b ro m id e  (DDAB) w ere  
investigated. Immediately after the injection of DDAB, to give a 
concentration of lx l  0*5 M in the apparatus, the m easured force 
ind icated  the adsorp tion  of a w eak bilayer w hich could be 
squashed  into extremely adhesive hydrophobic contact. Only 
afte r 24 h rs  had  elasped did the m easu red  force show  the 
adsorption of a bilayer which showed a hard  core repulsion a t 
the  expected bilayer th ickness (5 nm). The forces m easured  
were very sim ilar to those m easured with DHDAA and added 
brom ide^ b u t the bilayer was not weak and the surfaces could 
no t be pushed  into hydrophobic contact. Addition of sodium  
acetate to give 5xlO"^M in the appara tus produced very similar 
re su lts  to those reported for DHDAA in added aceta te^ . The 
bilayers behaved as if fully dissociated with the Debye length 
equal to th a t  ca lcu lated  from the so lu tion  concen tra tion .
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Im portantly , there  w as no adhesion  m easured  betw een the 
adsorbed bilayers, with or w ithout added acetate.
2.2 Discussion.
At a HEMDAB concentration of 10 '4  M the m easured  
Debye length corresponds to a fully dissociated 1:1 electrolyte 
a t the concentration of the su rfactan t. On the other hand, on 
in jection to 10"5 M the Debye length is often sh o rte r and 
irreproducible between repeat runs. Since injection involves the 
introduction of a concentrated solution a t approximately 10"3 M 
it is likely th a t aggregates p resen t a t th is higher concentration 
(the solution is slightly cloudy) rem ain even after considerable 
time. At 10"4 M the solution is clear and there are obviously no 
large aggregates present. On a hundredfold dilution, however, 
the Debye length is m uch shorter th an  expected and th is can 
only be explained by the presence of highly charged aggregates. 
It is possible th a t sm all aggregates present at 10"4 M only show 
up after dilution. In any case it is clear th a t there are non­
equilibrium  effects b u t th a t a t a sufficiently high concentration 
the system  is well-behaved. In the presence of large am ounts of 
added salt the m easured Debye length invariably agrees with the 
total electrolyte concentration, as expected.
The m ost intriguing aspect of the resu lts is the fact th a t 
the  inw ard  ju m p  occurs a t the  sam e sep a ra tio n  for all 
concentrations of su rfactan t w ithout added salt. This is despite 
large variations in the double-layer repulsion. In alm ost all 
cases there is an  additional repulsion a t separations outside this 
jum p position (one exception is the particu lar force curve at 10" 
5 M shown in Fig. 4 - others a t the same concentration do show
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an extra repulsion in this regime). Moreover, the m agnitude of 
this extra repulsion is also similar in spite of the large variations 
in the fitted double-layer force. The short u p tu rn  in the force 
w hich occurs outside the jum p position m ay be due to the 
adsorption of additional bilayers. The adsorption of a weak and 
patchy additional layer is possible because there is a significant 
adhesion between the su rfac tan t bilayers, unlike the cases with 
DHDAa 3 and CTAB.4,5,6 The concentration  of the HEMDA+ 
close to the surface can  be estim ated  from the Boltzm ann 
relation.
[HEMBA+]s = [HEMDA+]Be x p ( ^ )  (1)
where [HEMDA+]b  is the bulk  concentration of the su rfactan t 
cation (assum ing the su rfac tan t is p resen t as m onom ers only) 
and the surface potential is obtained from fitting the force curve 
(xFo = 215mV ). This gives the concentration  of the HEMDA 
cation close to the surface as 2.6x10"8 M and so adsorption of 
ad d itio n a l layers is possib le  v ia m onom er ad so rp tio n . 
F urtherm ore  electron  m icroscopic exam ination  of HEMDAB 
aggregates p resen t in 0.01 M solution shows the presence of 
multi-walled vesicles of various sizes^.The form ation of m ulti­
walls ind icates th a t there  is a stab le  m inim a in the force 
between free HEMDAB bilayers w hich is close to or a t the 
bilayer surface. At 10*4 M HEMDAB the m easured long-range 
force is also well predicted by lowering the charge to 0.013 Cm ' 
2 and shifting the plane of charge out by one bilayer thickness 
for bo th  su rfaces (to the m iddle dotted line in Fig. 2) and 
ignoring the van der Waals attraction, b u t the repulsion between
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9 and  8 nm  is still not predicted. Similarly, moving the plane of 
charge ou t by a fu rther bilayer th ickness (right-hand dotted 
line) and  lowering the charge to .008 Cm"2 also predicts the 
m easured  interaction up to the plane of charge. Obviously, the 
long-range double-layer interaction cannot be used to p inpoint 
the plane of charge.
The area  per head group for the adsorbed su rfac tan t 
layer can  be estim ated  from the volum e of the  su rfa c ta n t 
molecule and the m easured bilayer thickness. The volume of a 
ex tended  hydrocarbon  tail is given by T anford 's formula^ 
2 7 .4 + 2 6 .9n  A3, where n  is the num ber of carbon groups, 
including the methylene, in the chain. For HEMD AB the volume 
estim ated  for bo th  hydrocarbon tails is then  0.75 nm 3 per 
m olecule. The volume of the headgroup estim ated from space 
filling m olecular models is 0.2 nm3, giving a total volume of 
0 .9  5 n m 3 .  The m easu red  layer th ick n ess  th en  gives a 
headgroup area of 0.65 nm  2 and for a fully dissociated second 
layer the surface charge would be 0.26 C m '2. The m easured  
su rface charge, assum ing  no adsorption of ex tra layers th en  
c o rre sp o n d s  to 84% of th e  s u r fa c ta n t m olecu les being  
neutralized by the binding of bromide ions (see Fig. 1). With the 
charge shifted ou t by a further bilayer thickness the ion binding 
becom es 95% and  se tting  the charge a t two ex tra  b ilayer 
separations gives a binding of 97%.
At 10 '3  M (Fig. 4) the surface charge corresponds to an  
ion binding of 88% which is in agreement, w ithin experim ental 
e rro r, w ith  th e  value ob ta ined  a t the h igher su r fa c ta n t 
concentration . With bromide added to 5 x 10"4 M (Fig. 5) the 
calculated ion binding is 94%. In both  cases a higher effective
53
ion binding will resu lt if the plane of charge is shifted out as for 
the 10~4 M case. When sodium  acetate is added the calculated 
ion binding is 79%, w ith no uncerta in ty  due to the  possible 
adsorption of additional layers. By contrast, m easurem ents with 
DHDAA and added acetate show complete dissociation of th is 
counter ion^. The differences in the acetate ion binding for the 
two su rfa c ta n ts  can  be rationalized  from the  difference in 
chem ical s tru c tu re . W ith HEMDAB the hydroxyl group can 
hydrogen bond to the carbonyl oxygen of the acetate anion. The 
exact configuration of the hydroxyethylene group in HEMDAB is 
unknow n, b u t inspection of m olecular models shows th a t m ost 
configurations allow hydrogen bonding. Fig. 7A shows one 
possible configuration for the acetate binding. This interaction 
with acetate removes the ability of the su rfactan t to bind to itself. 
Removal of th is hydrogen bonding ability in com bination with a 
higher electrostatic repulsion removes the weak additional layer.
When pentanol was added the surfactant surfaces behaved 
as previously reported for DHDAA. The surface appears to be 
fully d issociated w ith the plane of charge se t a t the  original 
bilayer position and there is a short-range attraction  additional 
to th a t expected from van der W aals theory. The effects of 
pen tano l on bilayer forces in the  w ork on DHDAA, 2 were 
a ttribu ted  to a hydrophobic attraction  induced by the surface 
adso rp tion  of th is  cosu rfac tan t. This adso rp tion , it was 
proposed, involves the initial penetration  of pentanol into the 
bilayer surface and in a second step adsorption occurs a t the 
bilayer surface through hydrogen bonding of additional pentanol. 
The fact th a t the surface of the HEMDAB bilayer with pentanol 
behaves as if fully dissociated can also be rationalized with a
through hydrogen bonding. 
(Figure(5)).
C 5 H 1 1 — ^
Pentanol hydrogen bonds to 
the surfactant, removes the 






Pentanol absorbs into 
the bilayer surface, 
acetate
remains bound.
The addition o f hydroxyl groups to 
the surface allows the adsorption of 
a weak additional layer.
Figure(7). Two possible models for the action of pentanol in this system are depicted 
diagramatically. One possible configuration for the hydrogen bonding of the acetate 
anion is shown (A). The first model involves the hydrogen bonding of pentanol to the 
hydroxyl group of the surfactant (B), hydrogen bonding to the acetate is no longer 
favoured. The plane of charge remains at the original bilayer surface and the charge at 
this surface increases due to the further dissociation of the surfactant. The 
hydrocarbon chain of pentanol partly hydrophobes the surface giving rise to the 
additional attraction measured. In the second model acetate remains bound and 
pentanol absorbs in the hydrophobic part of the bilayer (C). The addition of a non 
hydrogen bonded hydroxyl group to the surface allows the adsorption of an additional 
bilayer (D) in a similiar manner to that shown by the surfactant with or without added 
bromide.
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hydrogen-bonding model. Hydrogen bonding of pentanol to the 
hydroxyl group of HEMDAB (Fig. 7B) removes the ability of the 
su rfa c ta n t to b ind  aceta te  and  hence a h igher charge is 
m easured. However, th is simple picture of pentanol adsorption 
to the head groups of HEMDAB does not explain why it takes 12 
- 24 h rs  for the adsorption to occur. It is also ra th er striking 
th a t the position of the inward jum p is the sam e as th a t found 
for the surfactant alone.
At 10 '4  M HEMDAB the forces m easured  show strong 
evidence supporting  the adsorption of w eak patchy additional 
layers. The hydroxyl group in th is  su rfa c ta n t allows it to 
hydrogen bond between surfactan t layers. With HEMDAB in the 
presence of acetate the addition of pentanol, which penetrates 
only very slowly into the bilayers, w ithout displacing the acetate 
ions Fig. 7C, restores the ability of the surfactan t surface to bind 
additional layers Fig. 7D. If the plane of charge is moved out from 
the original bilayer surface by the thickness of an  additional layer 
the forces are equally well fitted assum ing a lower charge which 
gives an ion binding close to th a t m easured w ithout the addition 
of pentanol. However neither model for the action of pentanol 
can be discounted.
It is possible th a t adsorbed pentanol in DHDAA shows a 
sim iliar effect. Hydrogen bonding betw een su rfa c ta n t layers 
prom oted by the cosu rfac tan t could allow the adsorp tion  of 
additional layers.
Finally, it is noted th a t there  is no evidence for the 
presence of any hydration repulsion between these su rfac tan t 
bilayer surfaces. The extra repulsion discussed above cannot be 
due to hydration effects alone and is in any case no t always
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present. In th is regard the conclusions are the sam e as those 
reached  in  earlie r s tu d ie s  of DHDAA^ as well as recen t 
m easu rem en ts on CTAB®. In those two stud ies no adhesion 
between the bilayers was observed and it was hence not possible 
to completely rule out the existence of hydration forces. In this 
case, because there is adhesion, one can be more confident in 
concluding th a t there are no hydration effects.
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3. Forces between bilayers containing charged glycolipids.
In re c e n t tim es th e  d irec t in te rm o le c u la r  force 
m easurem ent technique has been applied to system s of some 
biological interest. The m easurem ents which have been made 
have been difficult to relate to any biological effect. The systems 
which can be studied with the surface force apparatus need to be 
sufficiently simple so as to be interpretable. The walls of living 
cells (the p lasm a m em brane) are m ade up  of a m ixture of 
phospholipids, glycolipids and proteins. In order to assess the 
influence of these types of m olecules on the surface forces 
between such  m em branes, the forces were m easured between 
bilayers containing charged glycolipids. The molecule chosen for 
s tu d y  w as a ganglioside, G M l(m onosialoganglioside) The 
gangliosides are glycosphingolipids, a class of glycolipid, which 
bear one or more sialic acid residues as part of the carbohydrate 
chain. Sialic acid is a  common sugar found in glycoproteins, its 
carboxylic acid resid u e  im p arts  th e  charge w hich  th ese  
m olecules bear. Glycosphingolipids are ubiquitous m em brane 
com ponents and have been im plicated in cellular interaction, 
o n co g en es is  an d  d if fe re n tia t io n ^ . The s tru c tu re  of the 
monosialoganglioside, GM1 is depicted in Fig. 1. The ceramide 
m oiety (s tru c tu re  show n schem atically) is assum ed  to be 
inserted in the hydrocarbon core of the plasm a m em brane. The 
large sugar head group of the molecule extends into the aqueous 
m edium  a t the cell surface. X-ray diffraction studies of GM1 in 
m ultilam ellar bilayers revealed th a t the glycosyl headgroup was 
fully extended and approxim ately perpendicular to the bilayer 




Figure(l). The molecular structure of GM1 (monosialoganglioside) is shown. 
The aliphatic part of the molecule, ceramide, has two hydrocarbon chains, 
sphingosine and a fatty acid and represented here schematically. GM1 is 
biosynthetically derived from the same precursor molecule; 
lactosyloceramide, a glycosphingolipid.
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phosphocholine l ip id s 6 .7 ,8  and are not immobilized^. Mixed 
bilayers of GM1 and phosphatidylcholine have been used as 
m odels for the electrostatic  po ten tia l ad jacen t to biological 
m em b ran es  10. The behaviour of gangliosides a t the air-w ater 
interface has been extensively studied by Maggio and co-workers 
11. Adhesion promoted by gangliosides has been dem onstrated 
in  large spherical model m e m b ra n e s ^  b u t the m echanism  by 
w hich gangliosides effect cell behaviour, and influence cell 
interactions still rem ains obscure.
3.1 Materials and Method.
GM1 was obtained from Sigma Chemical Com pany and 
used  w ithout fu rther purification. P ressure-area isotherm s and 
transfer ratios were recorded on a Langmuir-Blodgett appara tus 
which has been previously described by M arra^.
Transfer ratios ( the ratio of the headgroup area  of the 
molecules a t the air-w ater interface to the headgroup area on 
the m ica surface) were determ ined as follows: A large sheet of 
freshly cleaved mica (2cm x 4cm) was firstly hydrophobed with 
e ith e r  d ip a lm ito y lp h o sp h a tid y le th an o la m in e  (DPPE) or 
dimethyldioctadecyl am m onium  bromide (DDOABr) . The second 
layer w as deposited  and the  tran sfe r  ratio  determ ined  by 
dividing the area the barrier had moved by the area of the mica 
sheet.
B ilayers were deposited u sing  the Langm uir-B lodgett 
deposition technique described by M arra^. Firstly, the mica 
su rfaces were hydrophobed by deposition of a m onolayer of 
DDOABr or DPPE. The second, GM1-containing layer was then
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deposited  and  the  su rfaces tran sferred  from the Langm uir 
trough to the ap p ara tu s  in sm all beakers. The surfaces were 




The p re ssu re /a rea  isotherm  m easured for a m onlayer of 
p u re  GM1 (Fig. 2) w as in  close ag reem en t w ith  the  
m easurem ents of Maggio. * 1 The Transfer ratios m easured for 
the various lipids are shown in Table 1. Force m easurem ents 
were perform ed using  bo th  DDOABr and DPPE to form the 
hydrophobic monolayer and no difference in the m easured force 
w as recorded. Pure GM1 deposited onto DDOABr shows the 
lowest transfer ratio. With its large head group area and wedge 
shape the molecule requires a  considerable am ount of chain tilt 
to pack  onto a  solid su rface . W hen GM1 is mixed w ith 
dioleoylphosphatidylcholine(DOPC) transfer ratios of 0.80, 0.85 
for 10% and  20% GM1 are m easured. GM1 mixed with DPPC 
(which is in the gel sta te  a t room tem perature) shows a m uch 
higher transfer ratio of 0.92.
Table 1. Transfer Ratios(for abbreviations see text).
Layer Deposited Substrate IT (mN/m) Transfer Ratio
DDOABr Mica 25 1.14
GM1 DDOABr+Mica 30 0.75
20% GM1/DOPC DDOABr+Mica 30 0.85
10% GM1/DOPC DDOABr+Mica 30 0.80
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Figure(2). The surface pressure/ area isotherm for GM1 spread on 
a water sub-phase.
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3.2.2 Force M easurem ents.
The force between two deposited bilayers of pure GM1 in 
w ater (results not shown) is repulsive a t all separations. The 
force consists of a long-range double-layer force (Debye length of 
~ 100 nm), and a steeply rising repulsion a t separations less 
th an  6 nm . When sodium  chloride is added to the appara tus to 
give a final concentration  of ImM, the m easured  in teraction  
appears as shown in Fig.3. The distances are m easured relative 
to h yd rophob ic  c o n tac t in  a ir  for th is  and  all o th e r 
m easurem ents. The m easurem ents are highly reproducible and 
the resu lts for two separate force runs are shown. The surfaces 
cannot be pushed to a separation closer th an  5.7 nm  (at a load 
exceeding l O m N m ' l )  . At d istances greater th an  10 nm  the 
force is fitted quite well by DLVO-theory (solid black line) using 
the non-linear Poisson-Boltzman equation with constan t charge 
boundary conditions. The plane of origin for the charge is set a t 
a separation  of 6 nm. At separations less th an  9 nm  the force 
becomes slightly more repulsive than  theory predicts.
W hen the sodium  chloride concentration is increased to 
100 mM the m easured interaction appears as shown in Fig.4. A 
w eak attractive force is m easured  a t separations greater than  
15nm. The force is repulsive a t closer separations and has an 
exponential decay length of 1.2nm. The surfaces cannot be 
pushed closer than  6 nm.
The forces m easured  between GM1 mixed w ith DOPC 
are shown in Figs. 5 and 6. At 10 mole% GM1 the m easured 
in teraction  in  pure w ater is shown in Fig. 5. The long-range 
double-layer force (diamonds) is quite well fitted by the non­
lin ear P o ission-B ozltm ann eq u a tio n  w ith  c o n s ta n t charge
<3)= 9.8 mCm 
k’^= 9nm
f% n
V = 8 3 mV
0 5 10 15 20 25 30 35 40 45
D (nm)
Figure(3). Measured forces ( scaled as F/R where R is the radius of curvature 
of the surfaces) between hydrophobed mica surfaces coated with a monolayer 
of GM1. The distance is measured relative to hydrophobic contact in air. 
Results are shown for two separate force runs. The solid line is the theoretical 
DLVO force calculated and includes a non-retarded van der Waals interaction 
with A \2 i=  1 xlO ^T. The curve is calculated assuming a constant charge 
interaction with a Debye length k = 9nm and a charge of 9.8 mCm4 with
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Figure(4). Measured forces between surfaces coated by GM1 at a sodium 
chloride concentration of 100 mM. The results for three separate force runs are 
shown plotted on a logarithmic scale (top) and linear scale (below). The solid 
line is the theoretical DLVO fit with a Debye length k * = 1.3 nm and a charge
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k"^  = 42nm 
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Figure(5). The force at 10% Gml in DOPC. The double layer force is 
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Figure(6). Forces between bilayers containing GM1 at a concentration 
of 2.5%. The force is much lower in magnitude than for the higher 
concentration case in figure(4).
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boundary  conditions. A hard-wall repulsion is m easured at 4.5 
nm  and the force remains repulsive a t all separations. The forces 
between bilayers containing 2.5 mol% GM1 in water w ithout any 
added electrolyte are shown in Fig. 6. Again the m easured force 
rem ains repulsive at all separa tions and  is m uch  lower in 
m agn itude  th a n  the  force m easu red  a t th e  h igher GM1 
concentration. The force is well fitted by double layer-theory a t 
large separations.
The forces m easured between bilayers of 10% GM1 mixed 
w ith DPPC were sim ilar to those obtained w hen mixed w ith 
DOPC, except th a t the hard  wall in the force occurred between
8.3 and 9.3 nm.
3.3 Discussion.
DLVO theory predicts th a t the in teraction  between any 
two surfaces will be attractive a t short separations due to the 
Van der Waals interaction. The forces between GM1 bilayers are 
repulsive a t short separations and the absence of a  m easurable 
Van der W aals force m ust be due to the presence of either a 
hydration or a steric repulsion. Gangliosides are known to bind 
abou t 60 w ater molecules for each headgroup 13 t hence a 
significant hydration repulsion could be expected. Furtherm ore, 
the term inal galactose residue of GM1 is likely to be exposed on 
the  surface and  M arra has show n th a t the force betw een 
galactolipids is repulsive a t short separations due to hydration of 
the headgroup^. As a result it is reasonable to expect th a t GM1 
would show a similar hydration force.
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The presence of hydra tion /ste ric  repulsion between the 
head  groups com plicates the in te rp re ta tion  of the m easured  
force curves with DLVO theory. It is impossible to determine the 
position of the sialic acid residue relative to the mica surface and 
as a resu lt the position of the plane of origin of charge is also 
unknow n. The force applied did not exceed 10 m N m 'l during  
the force m easurem ents, and at this force it is impossible to fully 
dehydrate phospholipid head groups, as a resu lt a larger than  
expected bilayer th ick n ess is ob tained . To overcome th is  
p rob lem  M arra  com pared  h is  m e a su re m e n ts  w ith  th e  
dehydrated layer th ickness. This quantity , however, cannot be 
estim ated for GM1 because the conform ation of the headgroup 
in these bilayers is unknown.
A h a rd  wall repu lsion  o ccu rs  a t 5 .7nm  w hich  is 
considerably less th an  the th ickness expected for a  bilayer of 
GM1 with the head groups at maximum extension. D ata from X- 
ray diffraction stu d ies^  and estim ates from m olecular models 
p u t the expected bilayer th ickness a t 9.5 to lOnm. The large 
headgroup area resulting  from the low transfer ratio during the 
deposition indicates th a t there is a considerable am ount of chain 
tilt. The area per head  group at the p ressu re  of deposition is 
equal to 0.71 nm ^ and with a transfer ratio of .75 the deposited 
headgroup  area  is ln m ^ . Since the m olecular volume m ust 
rem ain constan t the layer thickness calculated should be about 
6.9 nm. Because of the  large headgroup of GM1 it is likely th a t 
the th ickness m easured  at 10 m N m 'l in force is considerably 
th inner than  the thickness of the bilayer w ithout an  applied load. 
The m easured interaction begins to deviate from th a t calculated 
from the non-linear Poisson-Boltzman equation at separations
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less than  8nm. This additional repulsion may be due to the steric 
in te rac tio n  or hydration  repu lsion  and  ind ica tes th a t the 
headgroups m ay extend fu rther th a n  the 5.7nm  force barrier 
into the aqueous phase.
When GM1 is mixed with DOPC the hard  wall in the force 
law  occurs a t 4.5nm . This sep ara tio n  co rresponds to the 
thickness expected for DOPC bilayers and their hydration layers. 
The dehydrated thickness obtained from X-ray m easurem ent is 
3.5 nm. At the higher transfer ratio the GM1 head group would 
be expected to be more extended th an  in pure bilayers formed 
from GM1 alone. A sho rt range steric  repu lsion  would be 
expected a t a m uch  larger su rface sep ara tio n  due to the 
in teraction  of the GM1 head groups b u t th is is not observed. 
There are two possible exp lanations for th is  sm aller th an  
expected bilayer thickness. Firstly, the GM1 headgroup may fold 
down onto the bilayer surface and the steric repulsion from the 
GM1 headgroups may be swamped by the strong double layer 
force. A second and more in trigu ing  possibility  is th a t the 
contact region is being depleted of gangliosides due to lateral 
diffusion as the surfaces are brought into contact.
The forces between bilayers of GM1 mixed w ith DPPC 
showed a steep repulsion between 8.3 and 9.3nm  due to either 
steric or hydration repulsion. These values are in m uch closer 
agreem ent w ith the  resu lts  obtained from X-ray s tu d ies by 
M cD aniel an d  M cIn tosh^ .  The h igher tran sfe r  ratio  and 
concom itant sm aller headgroup area force the GM1 headgroups 
to be fully extended. The fact th a t the layer th ick n ess is 
considerably larger in m ixtures of DPPC gives fu rther evidence 
for the lateral diffusion of GM1 away from the contact area wdien
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mixed with DOPC. Bilayers of DPPC are in the gel sta te  a t room 
tem perature and th u s  it is likely th a t GM1 is not highly mobile 
w hen mixed with th is lipid and cannot diffuse away from the 
contact region.
In mixed PC - ganglioside bilayers GM1 com pletely 
removes the adhesive minimum observed between PC bilayers 
alone. Even a t low mole fractions of GM1 the charge and 
hydration  is sufficient to totally m ask  the expected Van der 
Waals interaction. The work of Brewer and Thom as showed th a t 
m ixed bovine b ra in  gangliosides could prom ote adhesion  
between spherical 'black' bilayers However, from the current 
work it is clear th a t the ganglioside GM1 alone cannot promote 
adhesion. The na tu ra l mixture of brain  gangliosides is likely to 
con tain  som e of th e  more com plicated gangliosides. It has 
previously  been dem onstrated  th a t  sm all changes in the 
chem ical s tru c tu re  of a  surfactant headgroup can dram atically 
alter the interaction. Addition of a CH2 OH group to a quaternary 
am onium  bromide surfactan t produces an adhesion between the 
bilayers w hereas the interaction between m ethylated quaternary  
am m onium  brom ide su rfac tan ts  show s no adhesion  (see 
previous chapter). It is then reasonable to expect th a t variations 
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4. Forces between a metal and a mica surface.
Until recently the study  of surface forces between metal 
surfaces h as  only received scan t atten tion . Most experim ents 
have been concerned with Van der W aals forces in air, 1*2 with 
one notable exception 3. in  o rder to s tu d y  electrochem ical 
phenom ena in th in  layers 5,6 th in  platinum  films were vacuum  
deposited onto mica and the forces between these surfaces were 
studied 7. The m easured interaction between the platinum  films 
in w ater showed a m uch shorter th an  expected Debye length.
The m ain experim ental com plication w ith m etal films is 
surface roughness 1*4. Techniques of vacuum  deposition of thin 
films are described in ref. 8. Deposition of silver films onto mica 
has been extensively studied  by Jaeg er and co-workers. They 
investigated the effect of su b stra te  tem perature, deposition rate 
9 and the effect of exposing the films to air 19. Metals deposited 
by vacuum  evaporation are known to form “islands” when the 
films are very th in  8 b u t with mica as a  substra te  thicker films 
could be expected to be reasonably smooth.
Two techniques were used to prepare films for study with 
the surface force technique, either direct evaporation of a 55nm 
thick layer of silver onto mica, or a  moulding technique. Silver 
adheres poorly to mica and thick films of it are easy to peel from 
the surface and th is  property  is exploited in the  m oulding 
technique. T hinner films, supported  by a m ica sheet, were 
p rep ared  as follows (fig. 1. sch em atica lly  illu s tra te s  the 
procedure). A 27 nm  thick layer of silver was deposited on a 
thin (=1-3 |im) mica sheet and 27 nm  on a thick (=1 mm) sheet. 
The sheets were then  placed with the silver layers in contact.
Mica backing sheet
Thin mica sheet
Figure (1). The moulding process is depicted schematically. A 27nm silver film is 
deposited on mica by vacuum evaporation on a thick and thin sheet of mica (A). 
The mica sheets are placed in contact for 24-48hrs (B) and finally the thin mica 
sheet is peeled from the backing sheet. The fused silver films form a 54nm thick 
film on the thin sheet
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On separation after 2 to 3 days the two silver layers had fused 
and adhered to the th inner sheet as it was peeled off. In this 
m anner the  silver sheet can be protected from contam ination 
right up to the moment of m ounting on the silica disc. It was 
hoped th a t the exposed silver surface would be highly smooth by 
v irtue of the sm ooth mica su b s tra te  on w hich the film was 
formed, although surface roughness caused by the fusion and 
peeling process cannot be ruled out. M easurem ents of the forces 
between silver and mica interacting across a  nonpolar liquid and 
across w ater were performed. This com bination of surfaces was 
used by Coakley and Tabor 4 to m easure Van der Waals forces in 
air.
A nother experim ental com plication in  studying  m etal 
films w ith the surface force ap p a ra tu s  lies in calculating the 
surface separation  from the fringe position. C larkson used the 
m ultilayer m atrix method to study  the effect of th in  m etal films 
on the fringe position 11. The m etal films were found to cause a 
m odulation of fringe in tensity  and a shift in fringe wavelength 
which depends on the complex refractive index and thickness of 
the m etal films. Clarkson showed th a t the equation derived by 
Israelachvili 12 to calculate the separa tion  from the fringe 
position for an  unsym m etrical two-layer interferom eter (Fig.2) 
was incorrect because the phase changes a t the m ica/silver and 
m edium /silver interface were neglected.
Silver Mica Medium Silver
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Figure(2). Schematic diagram of the unsymmetrical two-layer 
interferometer.
4 .1  Forces in  OMCTS.
The force m easured between a mica and a silver surface in 
the nonpolar liquid octam ethylcyclotetrasiloxane (OMCTS) is 
shown in Fig. 3. The force is qualitatively sim ilar to th a t found 
between two mica surfaces (see P a rti, C hapter 3) The range of 
the oscillations is shorter and they appear to be "softer", i.e. the 
slope of the force barriers is sm aller. The contact position is 
som ew hat u n c e r ta in  becau se  the  su rface s  ap p e a r  to be 
compressible over about 1 nm. Outside the oscillatory regime (5- 
30 nm) there is an  a ttrac tion  th a t is stronger th a n  for any 
nonpolar liquid between two m ica surfaces (consistent with the 
larger H am aker constan t expected for th is system). On addition 
of w ater the solvation force is replaced by an attraction  over the 
last 5-10 nm  down to contact (Fig. 4.) and the adhesion becomes 
large, up to several hundred m N/m . In th is regard the behaviour 
is sim ilar to th a t of two mica surfaces 13 ,14# Experim ents with 
bo th  sim ple and fused silver films were perform ed and no 
significant difference in the solvation force was found.
0 1  2 3 4 5 6 7 8
D (nm)
Figure(3). The force (normalised by the radius of curvature R of the surfaces) 
as a function of separation between a mica surface and a silver surface across 
octamethylcyclotetrasiloxane (OMCTS). The periodicity of the measurable 
oscillations is approximately 0.8 nm. The position where the surfaces first 
contact is uncertain although the surfaces could be forced together to D * 0. The 
dashed lines show the force envelope (obtained by joining adjacent maxima and 
minima) for two mica surfaces interacting across OMCTS .
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These observations suggest th a t neither silver surface is as 
smooth as mica and tha t the rough surface leads to a reduction in 
the range of the solvation force, as previously found betw een 
hydrocarbon monolayer surfaces The surface roughness may 
also cause the softness of the contact - the surfaces can be forced 
closer even after the tips of the asperities have m ade contact 
w ith the m ica surface. The adhesion  m easured  betw een the 
silver and the mica surfaces in nitrogen was low (= 40 m N /m , 
com pared to * 600 for two mica surfaces) and th is is probably 
due to surface roughness and physisorption (the contact angle of 
w ater on the  silver surfaces w as 90°, as opposed to the  0° 
expected for a perfectly clean m etal surface 16).
4.2 Forces in water.
The force m easured between a  (fused) silver surface and 
mica in w ater is shown in Fig. 5 (open squares). The force curve 
looks like a typical DLVO in te rac tion , w ith a double-layer 
repulsion and a Van der Waals attraction  a t shorter range - the 
su rfaces ju m p  into con tact from a separa tion  of 5-10 nm . 
Addition of Na2 CC>3 to 10"4 M causes the range of the repulsion 
to decrease (squares, Fig. 2) as expected from the decrease in 
the Debye length. No jum p in occurs and an alm ost hard  wall is 
encountered a t about 7 nm from contact.
The mica and silver surfaces probably carry charges of 
unequal m agnitude in  both conductivity w ater and Na2 CC>3 b u t 
the silver m u st be negatively charged like the m ica for a 
repulsion of the m easured m agnitude to be present. The change 
in the short-range force on addition of Na2 CÜ3  to 10 '4 M m ust
D (nm)
Figure(4). Force measured between a silver surface and a mica surface in 
conductivity water (open circles) and in lö^ M Na2 CO3 (squares). The 
long-range interaction appears to be a double-layer repulsion with Debye 
lengths of 74 nm in water (corresponding to 1.7 x 10“^  M 1:1 electrolyte) and 
18 nm in Na2CC>3 (corresponding to 9.5 x 10"^ M, in good agreement with 
the nominal concentration). At short range a Van der Waals-like attraction is 
apparent in water and there is a locally adhesive minimum at contact (indicated 
by the horizontal arrow). In N a 2CC>3 the interaction becomes steeply 
repulsive at 7 nm (vertical arrow).
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be due to a change in conditions a t the silver surface - with two
mica surfaces a Van der Waals-like attraction is found a t 10-4 M 
17.
A ccurate  m easu rem en ts  of sh o rt-ran g e  in te ra c tio n s  
between a silver surface and a m ica surface can be m ade in 
liquids b u t any com plications from surface roughness may be 
more serious when two such surfaces are allowed to interact. The 
technique of moulding can be used to produce surfaces which are 
sufficently smooth for surface force m easurem ent.
4.3 Other applications.
The m oulding technique could also be used  to produce 
surfaces from other m aterials. For instance polymer films could 
be prepared on mica surfaces and then  removed by peeling. Thin 
polymers film were formed on mica by spreading a 2% polymer 
so lu tion . of cellulose aceta te  in  chloroform  or Form var in 
chloroform on a freshly cleaved m ica surface and then  allowing 
the surface to dry in a sealed container. A 53nm  thick film was 
then  deposited by vacuum  evaporation onto the back of the film. 
The film was then  peeled off the mica surface and folded in half. 
The silver/polym er film /silver ‘sandw ich’ w as th en  exam ined 
interferom etrically.
The th ickness of the polymer sheet was not uniform  bu t 
varied by about lOOnm across O.lmm. On a m uch smaller scale 
the surfaces appeared to be sm ooth and the fringes were sharp 
and  b rig h t (Note: T h a t th e  in te rfe ro m e try  te ch n iq u e  is 
insensitive to surface features sm aller th an  the wavelength of 
light). The large scale undulations could arise during the peeling
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process or could be due to undulations on the silvered side of the 
film. The adhesion between the polymer film and m ica is very 
high and a considerable am ount of force is required to peel the 
film. This force could also deform the film as it is peeled. This 
application  of the m oulding techn ique w as no t investigated 
fu rther. Perhaps the m odification technique described in the 
next chapter could be used to alter the mica surface to lower the 
adhesion between the mica and the polymer film. It then  may be 
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5. Plasma modification of mica.
Covalent modification of n a tu ra l m ica is extrem ely 
difficult because there are no accessible reactive sites on the 
surface. A technique which can create reactive sites on m ica 
would allow the preparation of a wide range of surfaces using  
well-known coupling agent chem istry. Exposure of m ica to 
w ater vapour plasm a produces such a surface.
5.1 The plasma technique.
A low tem perature or cold p lasm a is a gaseous complex 
th a t is composed of electrons, ions (positive and negative), free 
radicals, excited and ground s ta te  m olecules and atom s. The 
p lasm a is created by applying a  strong radiofrequency electric 
field to a gas a t low p ressure. At sufficient field s tren g th s  
electrical discharge occurs and a plasm a is formed. Once created 
the plasm a can be m aintained a t lower electric fields due to its 
se lf-su s ta in in g  ch a rac te ris tic s . E lec tro n s in th is  type of 
nonequilibrium  p lasm a may have high energies (the electron 
tem peratu re is high) whereas the other species are m uch less 
energetic (their tem perature is near or slightly above am bient). 
All excited atom s, molecules, ions and free radicals are referred 
to as reactive species. These reactive species and high energy 
photons em itted during de-excitation of excited m olecules will 
in teract with solid surfaces exposed to the plasm a. The following 
processes may occur at the surface (see fig 1):












Figure (1). The processes occurring at a surface after impact of 
energetic species are shown schematically.
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2) Reactive species in the plasm a may chemically react with 
the surface to form new functional groups.
3) Energetic bom bardm ent may cause structu ra l changes in 
the surface of the target material.
4) Energetic bom bardm ent m ay lead to the ejection of a 
target atom, commonly referred to as sputtering.
5) The reactive species may become buried or im planted in 
the  su rface . This process is u sed  extensively in  the  
electronics industry  to dope silicon wafers.
6) Thin films may form through p lasm a polym erization or 
redeposition  of sp u tte red  m ateria l. In p a rticu la r , th in  
polymeric films can be deposited on surfaces by trea tm ent 
with the plasm a created from organic gases.
The desired type of surface m odification d ic ta tes  the 
choice of gas used  to form the plasm a. Inert gases su ch  as 
helium  and  argon sp u tte r  and activate the  surface. P lasm a 
formed from oxygen, w ater vapour and  am m onia sp u tte r  and 
a lte r  the  chem ical com position of the  su rface by covalent 
in troduction  of functional groups. Thin polymer films can  be 
form ed by u s in g  organic gases su c h  as  h y d ro ca rb o n s, 
fluorocarbons and siloxanes. The extent to which one p lasm a 
process occurs w ith respect to the others can be controlled by 
the  process param eters (power, gas flow rate , and pressure). 
The reactor design (the area to volume ratio and the shape), and 
the  position of the sam ple in the reacto r also influence the  
extent and type of surface modification.
Exploitation of the plasm a process has proven to be a 
powerful technique for surface modification of various m aterials 
including  m inerals, paper, m etals and  polymers.2-5 . a  m ajor
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advantage of the plasm a process is th a t it is a dry, relatively fast 
m ethod. Usually only a few m inutes trea tm en t time is required 
and  no tim e consum ing drying of th e  modified su rfaces is 
needed. Plasm a treatm ent is ideal for preparing novel surfaces 
for direct force m easurem ent because the trea tm en t does not 
a lte r the bu lk  properties of the  su b s tra te . U nder carefully 
chosen conditions only minor changes in surface topology occur 
and the  high degree of sm oothness required for surface force 
m easu rem en t can  be m aintained. Moreover, the process is 
conducted in a vacuum  environment and  th u s  contam ination of 
the surface is kept to a minimum. The low tem perature plasm a 
technique has been used to modify mica surfaces in three ways:
i) Mica surfaces were exposed to a polymer-forming plasm a 
and th in  polymer films deposited.
ii) Functional groups were introduced by exposing mica 
surfaces to a non-polymer forming plasm a.
iii) Plasm a activated mica surfaces were reacted with 
chlorosilanes.
5.2 Materials and method.
The p lasm a reactor is shown schem atically in fig. 2. It 
consists of a large glass vessel which is evacuated with a rotary 
vacuum  pum p to 10"4 torr. Two copper b an d s  a round  the 
ou tside of the  reacto r are connected to a h igh voltage RF 
generator (ENI power system s model HP G-2 ). The flow rate  of 
the gas is controlled with a flow controller (LH, HI-TEC). A large 










Figure (2). Schematic diagram of the plasma reactor used for 
preparing the surfaces. Rf power is applied to two copper bands around 
the outside of the chamber. The monomer gas is introduced into the 
chamber from the top.
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which is then  evacuated. The gas is then  introduced and the 
power tu rned  on for a predeterm ined length of time.
Mica surfaces pretreated w ith w ater vapor p lasm a were 
silanated by exposure to silane vapor in a  preequilibrated vessel 
inside a desiccator. (Tridecafluoro-1 ,1 ,2 ,2-Tetrahydrooctyl)-l- 
D im ethylchlorosilane (henceforth th is molecule will be referred 
to as fluorocarbon silane) was used  for testing the effect of the 
p lasm a process param eters. ESCA analysis of the modified 
surfaces were carried out with a Leybold H eraeus spectrom eter 
using an A1 Ka X-ray source and a hem ispherical analyzer and the 
relative num ber of the different atom s w as quantified by the 
procedure described in ref. 6.
The th ick n ess  change in the  m ica after p lasm a and 
fluorocarbon silane treatm ent was determ ined as follows: Mica 
which had  been glued to a silica disc (silver side down) was 
m asked by placing another th in  sh ee t of m ica over half the 
surface. The disc w as then  trea ted  and the  m ask  removed 
leaving a disc w ith one half treated and the other half untreated. 
Another silvered piece of mica was the placed over the top of the 
disc (silver side up) and the difference in th ickness between the 
t r e a te d  a n d  u n t r e a te d  p a r t s  w as  d e te rm in e d  
in terferom etrically .
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5.3 Surface Characterization.
Mica which has been exposed to w ater vapor p lasm a is. in 
co n trast to norm al mica, reactive toward silanation in the gas 
phase. The change in reactivity is due to a change in the 
chem istry of the surface. The modified surface was characterized 
by contact angle, ESCA and surface force m easurem ents.
The th ickness of the m ica w as found to be essentially  
unaltered  after treatm ent w ith H2 O Plasm a (20W, 2.5 m inutes 
exposure . 1.5 SCCM) w hen  in sp ec ted  in te rferom etrica lly . 
Exposure of the treated m ica to the  fluorocarbon silane for 
th ree  m in u tes  ren d ers  the  su rface  hydrophobic w ith  an  
advancing contact angle of 93-96° and a receding angle of 70- 
75°. The silane layer was 1.0 (±0.5nm) nm thick as estim ated by 
in terferom etry. The large u n ce rta in ty  is due to difficulty in 
focusing the optical system.
The ESCA sp e c tra  for m ica, ac tiv a ted  m ica and  
fluorocarbon silanated mica are shown in Fig. 3. It is clear from 
the spectra  th a t the signal from potassium , alum inium  and 
oxygen are reduced after activation w hereas the silicon signal 
rem ains nearly the same. The decrease in photoelectron signals 
is a  re su lt of chem ical changes in the  ou term ost layer. The 
decrease in the potassium  and alum inium  signals corresponds 
to a loss of 1.7x10*4 and  3.7 x l0*4  atom s per cm *2, 
respectively. For com parison, the num b er of po tassium  and 
alum inium  atom s in the surface layer of mica is 2. lx  1 0 *4 . The 
ESCA spectrum  after trea tm en t of activated m ica w ith  the 
fluorocarbon silane shows a large fluorine peak. The peak area
0( 1 s) Bare Mica
Si(2p)
Al(2p)
H2 O Plasma Treated
After Silanation
0 Kinetic Energy eV 1500
Figure (3). ESCA spectra recorded for untreated mica (top), H2 O Plasma 
treated (20W, 2.5 Minutes) mica before (middle) and after (lower)
silanation with the fluorocarbon silane.
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indicates th a t 2.7 xlO 15 molecules are bound per cm2 and this 
gives a surface density of one silane molecule per 45 Ä2.
The change in ESCA peak intensity  for alum inium , oxygen 
and po tassium  (normalized by the  sensitiv ity  factor of the 
photoelectron signal) as a function of the w ater vapor plasm a 
exposure time is illustrated in fig. 4. The values were m easured 
relative to the silicon peak which rem ained nearly constant. It is 
clear th a t the am ount of potassium , oxygen and alum inium  in the 
surface region decreases with the the plasm a treatm ent time.
The exact m echan ism  by w hich  the  m ica (for the  
structu re  of mica see part I chapter 2) surface is modified by the 
plasm a treatm ent is unclear. However, the am ount of potassium , 
alum inium  and oxygen in the surface region decreases relative to 
th a t  of silicon during  trea tm en t. The decrease in surface 
alum inium  is so large th a t not only atom s from the tetrahedral 
layer b u t also atom s from the octahedral layer 0.5 nm  below the 
original surface m u s t have been spu ttered  away. Roughly 2.7 
alum inium  atom s are lost for every potassium  leaving a surface 
layer consisting largely of oxygen and silicon. After only 0.5 min 
trea tm en t tim e the  num ber of alum in ium  atom s lost is 
equivalent to the num ber alum inium  atom s in the te trahedral 
layer. Twice the am ount of oxygen per alum inium  atom is lost at 
shorter treatm ent tim es and after 2.5 m inutes the am ounts lost 
become equivalent. Removal of alum inium  m ust lead to the 
removal of some oxygen (two hydroxyl groups are bound to two 
alum inium s for every potassium ). A decrease in the ratio of 
oxygen to alum inium  lost indicates the incorporation of oxygen 
or hydroxyl groups from the plasm a. The fact th a t the treated
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Figure (4). The change in photoelectron peak intensity for oxygen (o), 
aluminium (■), and potassium (♦) as a function of the water vapour plasma 
treatment time. The change in peak area is normalized by the peak 
sensitivity factor and a schematic structure for mica is shown. The grey 
line marks the intensity corresponding to a loss of 2.1 x 10i4 atoms a n  
(the number of potassium atoms in the surface layer).
Cleavage Plane
h 2o  PLASMA 
TREATMENT
#  Oxygen 




Figure (5). The crystal structure of mica, shown schematically, before plasma 
treatment and a hypothetical structure after treatment. The plasma-treated structure 
shows the potassium and aluminium removed in the same ratio obtained from 
ESCA analysis.
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mica surfaces are reactive toward silanation indicates th a t this is 
the case.
5.3.1 The effect of plasm a power.
The contact angles after different plasm a treatm ent times 
followed by a subsequent exposure to the fluorocarbon silane for 
2.5 m inutes are shown in fig. 6. At low power (10 W] a plasm a 
tre a tm e n t tim e of 2.5 m in u tes  is sufficien t to reach  the 
m aximum surface hydrophobicity (advancing contact angle about 
75°) after silanation. The sam e exposure time is needed with a 
power of 20 W. However, the advancing con tact angle after 
silanation is considerably higher (95°) with this power setting. At 
higher power settings (30 W) the advancing contact angle after 
silanation  reaches the m axim um  value (105°) in considerably 
sh o rte r  tim e. The m axim um  co n tac t angle in c reases  w ith 
in c re a s in g  pow er. However, th e  difference betw een  the  
advancing and receding angles becomes larger when the surface 
is exposed to the plasm a for more than  5 m inutes.
At low power the num ber of reactive groups introduced 
onto mica surfaces by w ater vapour p lasm a trea tm ent is small 
and  a com paratively low con tac t angle is m easu red  after 
silanation. As the power is increased to 20 W the population 
density  and average energy of reactive species in the plasm a 
in creases. Hence the  effect of the  p lasm a on the surface 
increases and more reactive surface sites are created. Treatm ent 
a t 20 W followed by silanation  w ith the fluorocarbon silane 
produces the m ost stable hydrophobic surfaces. T reatm ent a t 30 
W produces more hydrophobic bu t less stable surfaces. This is a 
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Figure (6). The contact angle of water on mica treated with water vapour plasma 
as a function of the treatment time and the power. The contact angle was measured 
after an exposure of the plasma treated surface to the fluorocarbon silane for 10 
minutes. Filled and unfilled symbols represent the advancing and receding contact 
angle, respectively.
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surface structu re  (e.g. by a too large conversion of Si-O-Si bonds 
to Si-O-H bonds).
It has been suggested th a t contact angle hysteresis is due 
to chemical heterogenety and surface roughness^. How the size 
and  n a tu re  of the irreg u la ritie s  affect the  co n tac t angle 
hysteresis is unknown. In th is investigation a particularly  large 
con tact angle hysteresis w as observed for silanated  surfaces 
pretreated with a water vapour plasm a a t 30 W for more th an  3 
m inu tes. This may be due to e ither surface roughening  or 
chemical heterogenety. Under these conditions it is likely th a t 
the surface becom es rougher due to the increased  ra te  of 
sp u tte rin g . In co n tra s t no in c rease  of th e  co n tac t angle 
hysteresis with the plasm a treatm ent time was found a t a  power 
of 10 W or a t 20 W. In these cases som ewhat larger hysteresis 
was observed for surfaces exposed to the plasm a for the shortest 
tim e. T hese  su rfa ce s  are  expected  to  be p a r tic u la r ly  
heterogeneous due to a low silane coverage.
5.3.2 Surface Reactivity.
The gas phase reaction  betw een w ater vapour p lasm a 
tre a ted  (20 W for 2.5 m inutes) m ica su rfaces and  th ree  
m onofunctional chorosilanes was m onitored by con tact angle 
m easurem ents fig. 7. Trim ethylchlorosilane reacted rapidly w ith 
the mica surface and the contact angle reached the m axim um  
value after less than  two m inutes. Slightly longer reaction tim es 
were required to reach m aximum hydrophobicity with the other 
silanes. In all cases the reaction w as more or less com pleted 
after a few m inutes. Mica which has not been activated by plasm a 
treatm ent rem ained unreactive under sim ilar conditions. In fact,
120
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Figure (7). The contact angle of water vapour plasma treated mica 
(20 W, 2.5 minutes) as a function of silanation time for three 
different chlorosilanes. Filled and unfilled symbols represent the 
advancing and receding contact angle, respectively.
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the contact angle did not change from its value of about 7° even 
w hen the u n ac tiv a ted  m ica su rface  w as dipped into the 
chlorosilane liquid.
5.3.3 Effect of gas.
T reatm ent of mica w ith plasm a from other non-polymer 
forming gases does not result in a surface equally reactive toward 
ch lo rosilanes. T reatm ent w ith hydrogen p lasm a (50 W, 15 
m inutes) followed by silanation  w ith the fluorocarbon silane 
produced a surface having advancing and receding contact angles 
of 80° and  65°, respectively. The advancing co n tac t angle 
increased to 94° w hen the surface was rinsed with water, dried 
and resilanated. W hen mica surfaces were treated with argon or 
oxygen plasm a no reaction w ith chlorosilanes took place until 
the surfaces had been rinsed w ith w ater and dried again. The 
spu ttering  of po tassium , oxygen and alum inium  occurs when 
mica is treated with the plasm a produced from argon or oxygen, 
b u t reactive groups are not formed suggesting th a t the remaining 
surface atom s rearrange to satisfy their valency requirem ents 
and a silicon oxide like layer resu lts. These surfaces become 
reactive after w ater trea tm en t because  of the  hydrolysis of 
silicon-oxygen-silicon bonds.
When mica surfaces were exposed to a plasm a of m ethane 
or tetrafluoroethylene a polymer film w as deposited onto the 
surface. The polymer film was hydrophobic and adhered well to 
the surface w hen kep t in air. However, w hen the surface was 
im m ersed in aqueous sa lt so lu tions a p artia l delam ination  
occurred b u t th is was not investigated further.
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5.3.4 Surface Stability.
The contact angle on fluorocarbon-silanated mica surfaces 
was independent of the salt concentration (potassium  bromide) 
of the te st droplet. This is very different from the case of mica 
su rfaces  ren d ered  hydrophobic by deposition  of ca tion ic 
su rfac tan ts. 23 ,24  The advancing contact angle of m ica coated 
with N -(a-trim ethylam m onioacetyl)-0 ,0 '-b is-(lH , 1H, 2H, 2H- 
perfluorodecyl) L-glutam ate chloride by the Langm uir-Blodgett 
technique is 110° w ith 10~4 M and falls below 50° a t 10"! M 
potassium  brom ide.23
W ater vapour plasm a treated mica surfaces are stable in 
air. They may be left several days before silanation w ithout any 
effect on the contact angle obtained after silanation. However, 
some chemical changes occur w hen they are left in w ater. The 
contact angle obtained after silanation decreased with the time 
im m ersed in w ater before silanation. For p lasm a treated  mica 
(20W for 2.5 m inutes) the contact angle obtained after 24 and 
170 hours im m ersion in w ater followed by silanation w ith the 
fluorocarbon silane w as 70° and  55°, respectively. T his is 
considerably  lower th an  the  value (100°) obtained w hen the 
surfaces were silanated  directly after p lasm a trea tm ent or after 
storage in dry air.
Soaking the silanated surfaces in 0.1 M KBr reduced the 
contact angle slowly; the rate depended on the type of silane, 
the  silanation  tim e and the conditions used  during  p lasm a 
trea tm en t (fig. 8-10). The m ost stable surface was obtained by 
r e a c t io n  w ith  th e  f lu o ro c a rb o n  s i la n e  w h e re a s  
trim ethylchlorosilane reacted surfaces were ra th e r unstab le  as 















Figure(8). Contact angle on surfaces first treated with water vapour plasma and 
then silanated as a function of the time immersed in 0.1 M KBr for different plasma 
powers. Mica was exposed to plasma for 2.5 minutes at and then silanated with 
(Tridecafluoro-l,l,2,2-Tetrahydrooctyl)-l-Dimethylchlorosilane in the gas phase 
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Figure(9). The salt stability after plasma treatment (2.5 minutes, 20 W) and 
silanation with three different silanes. Filled and unfilled symbols represent the 
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Figure(lO). The effect of plasma treatment time (20 W) on the salt stability 
of the silane treated surface. Filled and unfilled symbols represent the 
advancing and receding contact angle, respectively.
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silanated  w ith the fluorocarbon silane after exposure to w ater 
vapour plasm a a t high power (30W) continued to have a high 
advancing contact angle for a long tim e (fig. 8). It rem ained 
above 90° for about 75 hours. However, in th is case the receding 
angle decreased (from about 85° to abou t 40° in 75 hours). 
Surfaces silanated after trea tm ent with w ater vapour plasm a at 
lower power se ttings are even m ore stab le  in aqueous sa lt 
solutions.
A m arked reduction  in con tact angle w as noted if the 
plasm a treated surfaces were soaked in w ater prior to silanation. 
This indicates th a t the num ber of reactive sites on the surface 
has decreased with the time im m ersed in water. The surface of 
p lasm a treated mica is unstab le in water. The reduction of the 
num ber of reactive sites may be due to com plete removal of 
patches of the surface down to next Si-O -Si te trahedral layer. 
This is likely to occur by dissolution of the surface. Patches of 
unreactive surface are then  exposed and a m uch lower contact 
angle is m easu red  a fte r s ilan a tio n . After reac tio n  w ith  
chlorosilanes the surfaces becam e m uch more stable in w ater 
and salt solutions. The stability of the surface depends on the 
rate of hydrolysis of the surface bound silane and th is depends 
on the accessibility of the surface-silane bond. An increase in 




5.4.1 Forces between activated mica surfaces in OMCTS.
The force m easured  betw een ac tivated  m ica in dry 
OMCTS is shown in Fig. 11. The force is a decaying oscillatory 
function of surface separation which is very similiar to the force 
m easured  between two un trea ted  m ica sheets (for com parison 
the dotted line shows the "force envelope", obtained by joining 
adjacent maxim a and adjacent minima, m easured between bare 
mica surfaces)7. The m easured force has a period of oscillation 
of 0.8 nm. The surfaces come to m olecular contact (D=0 in Fig. 
11) and the pull off force is 40±5 m N m ^ . This value (of the 
adhesion) is only slightly lower th an  for un trea ted  mica. On all 
occasions the force m easured after separation  from m olecular 
contact was strongly repulsive and surface damage was observed 
in  the fringe pattern . All the po in ts show n in Fig. 11 were 
m easured  before the  su rfaces were b ro u g h t into m olecular 
contact (D=0).
5.4.2 Forces between fluorocarbon silane treated  mica surfaces 
in OMCTS.
The force m easu red  betw een ac tiva ted  m ica after 
silanation in dry OMCTS is shown in Fig. 12. The advancing 
contact angle of OMCTS on a sim ilarly prepared surface was 
found to be 15°. The m easured force is every where attractive 
and the surfaces jum p (when the gradient of the force exceeds 
the  sp ring  constan t) in to  co n tac t from a sep a ra tio n  of 
4.5±0.2nm. The pull-off force from this position was found to be 
12mNm- l- The surfaces were not damaged on separation.
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Figure (11). Force as a function of separation between F^O Plasma treated 
(20W, 2.5 Minutes) mica in octamethylcyclotetrasiloxane (OMCTS). The 
dashed lines indicate inaccessible regions of the force curve and the dotted
7
line gives the force envelope for untreated mica in OMCTS.
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Figure(12). The force between similar surfaces to those in fig.(ll) after 
silanation with the fluorocarbon silane. The solid line is the theoretically 
expected nonretarded continuum van der Waals force with a Hamaker 
constant of A =1.4xlO'^^J (The value expected for mica across 
OMCTS)8
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It h a s  been reasonably  well es tab lished  th a t surface 
roughness affects the range and strength  of oscillatory solvation 
forces m easu red  betw een m ica su rfaces in OMCTS.8 For 
example, the forces between mica surfaces coated by deposition 
of a double-chain  su rfac tan t, dioctadecyldim ethylam m onium  
bromide (DDOAB) in OMCTS 8 are m uch sm aller in m agnitude 
and range when com pared with the force found between bare 
mica surfaces and the forces observed here. Similarly, the forces 
between one metal surface and a single mica surface also show a 
sh o rte r range and reduced streng th  despite the fact th a t one 
surface is molecularly smooth (see previous chapter). The forces 
between surfaces coated with CTAB by adsorption from solution 
were purely  a ttrac tive  and  showed no oscilla tions^ . It was 
argued  th a t  th is  difference in behavior betw een the  two 
su rfac tan t surfaces was due to the difference in roughness. The 
packing  density  for the deposited DDOAB (0.28 nm ‘2 per 
hydrocarbon chain) is m uch higher th an  for CTAB (0.55 nm '2) 
adsorbed  from solu tion . This difference in packing  density  
causes a  change in  roughness and allows penetra tion  of the 
solvent into the layer. The forces between the silanated  mica 
surfaces are qualitatively sim ilar to the forces found between 
CTAB surfaces prepared by adsorption from solution - the force 
rem ains attractive and shows no oscillatory behavior. This is also 
likely to be due to surface roughness which resu lts  from the 
relatively low surface coverage of fluorocarbon silane. Despite 
being highly hydrophobic, these surfaces are also charged in 
w ater (see following section). This indicates th a t p a rts  of the 
underlying mica su b s tra te  m u st be accessible to the aqueous 
environm ent.
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5.4.3 Forces between trim ethylchlorosilane treated surfaces in 
water.
Forces m easured between mica surfaces first treated with 
w a te r  v a p o u r  p la s m a  a n d  th e n  s i l a n a te d  w ith  
tr im e th y lch lo ro silan e  are illu s tra te d  in  figure. 13. The 
m agnitude of the forces was found to be affected by the details 
of the preparation, i.e. plasm a treatm ent time, plasm a power and 
s ilan a tio n  tim e and  varied  sligh tly  from  experim en t to 
experim ent.
The forces acting between plasm a treated  surfaces (20W, 
5 min.) th a t had been exposed to trim ethylchlorosilane (5 min.) 
changed rapidly during the first hour after im m ersion in water. 
The th ickness of the m ica sheets was constan t, w hereas the 
co n tac t angle of the trim ethylch lorosilane reacted  surfaces 
decreased in the course of the experim ent from approxim ately 
80° to le ss  th a n  10°. R e trea tm en t of th e  d iscs  w ith  
trim ethylchlorosilane after the surface force experim ent gave a 
contact angle of 80-90°.
The forces th a t are shown in figure 13 were m easured 
more th an  one hour after im m ersion in w ater and consequently 
rep resen t the  forces acting  betw een essen tia lly  hydrophilic 
surfaces carrying both  hydroxyl and m ethyl groups. At large 
separations a repulsive double-layer force dom inated the surface 
in teraction . At sm all separations a Van der W aals a ttrac tion  
became im portant and in pure water the surfaces jum ped into an 
adhesive m inim um  from a separation  of 3-4 nm . The pull-off 
force (normalized by the radius of the surfaces) ten m inutes after 
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Figure(13). The forces measured between water vapor plasma treated 
surfaces in pure water one hour (^) and 12 hours (°) after immersion. 
The forces were also measured in lO'^M KBr (o). The surfaces were 
silanated with trimethylchlorosilane prior to the force measurements.
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value one hour and one day later was 0.2 m N /m  and 0.1 mN/m, 
respectively and these sm all values correspond to a local 
m inim um  which is located on the repulsive p a rt of the force 
curve (the repulsive force a t th is m inim ium  is 3m N m 'l). The 
forces m easured after approximately 1 hour and 24 hours were 
alm ost identical (see figure 13). W hen KBr w as added to a 
concentration  of 10 '4  M the surface charge density increased 
and  the pull-off force decreased to 0.02 m N /m . This value 
co rresponds to a local m inim um  w hich is located on the 
repulsive part of the force curve.
The double-layer forces m easured were in all cases well 
described by Poisson Boltzm ann (PB) theory (using constan t 
charge boundary  conditions) a t large separations. The adhesion 
between p lasm a and trim ethylchlorosilane treated  mica drops 
rapidly due to the instability of the surface layer. The fact th a t 
the contact angle is so low after the experim ent indicates almost 
com plete loss of trim ethy lsilane  g roups from the surface. 
Hydrolysis of labile silicon-oxygen-silicon bonds resu lts  in a 
change in the chem istry of the surface w hich m ay alter the 
surface roughness. The force in w ater deviates from DLVO 
theory at separations less th an  8nm. This small extra repulsion 
may be due to fragm ents of the surface becoming detached. The 
apparen t surface potential (obtained from fitting the m easured 
force) in w ater is m uch lower th an  th a t m easured for untreated  
m ic a 9 . This is sim ply due to a reduction  in the num ber of 
ionizable su rfaces sites because of loss of po tassium  and 
aluminium.
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5.4.4 Forces between fluorocarbon silane treated surfaces.
Surfaces prepared by p lasm a trea tm en t and silanation 
with the fluorocarbon silane are m uch more stable and show an 
a t tra c tio n  w hich  is c h a ra c te r is t ic  of th e  h y d rophob ic  
in teraction . The attraction observed has a sim ilar range and 
m agnitude to those observed between surfactant-coated surfaces. 
10 . 11 . 12
The forces between fluorocarbon silanated m ica surfaces 
im m ersed in w ater and lO '^M  KBr are shown in Fig. 14. In 
w ater the force rem ains repulsive down to surface separations 
of 40 nm; the force then  begins to deviate from th a t predicted 
by DLVO-theory and  the surfaces ju m p  into con tact from a 
separation of 35nm . The pull-off force from the contact position 
was large, 400-500 m N/m , and occasionally separation damaged 
the contact region. The decay length of the m easured force in 
1 0 '4 M KBr (K 'l=22nm ) is sh o rte r th an  expected (k~ 1= 30nm  
for 10"4m ). This is due to a com bination of experim ental error 
and  a large background electrolyte concentration (5x10" 5 M). 
The m agnitude of the repulsive force and the adhesion between 
the surfaces varied from experim ent to experim ent and was 
found to depend critically on the surface preparation conditions. 
The forces were very sim ilar for different se ts of surfaces with 
sim ilar contact angles. The resu lts were highly reproducible for 
experim ents w ith one set of sheets  even a t different contact 
positions. In a few experim ents vapour cavities were observed 
between the surfaces in contact. 10 This was not investigated in 
detail and no cavities were observed away from contact or during 
force m easurem ent.
K = 58 nm
D (nm)
Figure (14). Force as a function of separation between mica after H2 O 
Plasma treated (20W, 2.5 Minutes) and silanation with the fluorocarbon 
silane in water. The upper solid line is force calculated from DLVO theory 
with constant charge boundary conditions, the middle line is with constant 
potential (73 mV) boundary conditions. The lower line is calculated from 
the constant potential DLVO force with an additional exponential attraction 
(0.8(mNm-l)exp(-D/12nm)).
4K = 22 nm
«  10 :s
D (nm)
Figure(15). The force between similar surfaces in l( ti  M KBr solution. The solid 
line is the calculated DLVO force with constant potential boundary conditions 
and an additional exponential attraction (3.7(mNm-l)exp(-D/8nm)).
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The attractive force between silanated  mica surfaces in 
w ater is m uch larger than  the attraction calculated from Van der 
W aals theory. (The effect of the silane layer is to reduce the 
effective H am aker constan t a t sm all separations). The forces 
show n in Fig. 14 are well fitted by adding an  exponential 
attraction:
F /R  (mN/m) = -A exp(-DA)
to the double layer force obtained by fitting the data a t 
large separation  (where A is the am plitude and  X  the  decay 
length). The param eters used are sim ilar to those required to fit 
the force between fluorocarbon surfactan t coated surfaces a t 10" 
4 M tetrapentylam m onium  brom ide *2 (A=2mN/m and X  = 12 
nm) w hich, considering  th e  large difference in  su rface 
p re p a ra tio n  tech n iq u es, is com parab le  to the  v alues of 
A=3.7m N/m and X =  8 nm required to fit the data  in Fig. 4. The 
surface potential for the p lasm a-prepared  surfaces is slightly 
higher th an  the potential m easured between the fluorocarbon 
surfactant surfaces in the presence of salt.
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6. Novel Surfaces: General considerations.
Each of the different surface modification techniques 
employed in the preceding chapters has some advantages and 
disadvantages. The choice of surface modification technique is, 
of course , largely depen d en t on the  su rface  p roperties 
required b u t the lim itations of the technique employed need to 
be considered.
6.1 Adsorption modification.
Chapter 2 clearly dem onstrates formation of multilayers 
w hen a relatively small interbilayer adhesion is present. The 
forces are extremely difficult to in terpret when m ultilayers are 
present, the plane of origin of the charge is unknow n and so 
accurate  determ ination of the degree of ion binding is also 
impossible.
The adhesion  between head groups can also produce 
o ther problem s. If the adhesion  is stronger th a n  the force 
holding the  su rfac tan t m olecules in the  bilayer then , on 
sep ara tin g  the su rfaces from contact, the bilayer can  be 
disrupted. This can also lead to multilayer formation 1.
It is impossible to control the area  per molecule when 
bilayers or m onolayers are p repared  by adso rp tion  from 
so lu tion . The hydrophobic in te rac tio n  m easu red  betw een 
monolayers of CTAB adsorbed from solution is m uch shorter in 
range and s tren g th  w hen com pared w ith the  in te rac tion  
m easured between Langmuir-Blodgett films 2 and this may be 
due to the formation of a weak additional layer.
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Adsorption modification has the advantage th a t surfaces 
can  be p rep ared  from w ate r so lub le  su r fa c ta n ts , the  
experim en ts are easy to perform  and  a g rea t deal of 
inform ation about the behaviour of su rfactan ts in solution can 
be obtained.
6.2 Deposition modification.
The LB techn ique h a s  a d is tin c t advan tage  over 
adsorption  modification in th a t the area per molecule can  be 
controlled, b u t th is area is lim ited by the transfer ratio of the 
deposition and collapse p ressu re  of the film a t the  air-w ater 
interface. The films themselves can be ra th e r unstab le. Loss of 
m aterial from the film to bulk phase occurs a t rate  dependent 
on the  solubility  of the m olecules and  if there  is adhesion  
between the surfactant headgroups m ultilayers tend to form after 
the surfaces have been brought into contact 1.
Vacuum  evaporation can be used to deposit a  wide variety 
of su b s tan ces  onto surfaces. The forces betw een one m ica 
surface and a metal surface have been succesfully m easured. The 
m ain experimental complication is surface roughness.
6.3 Moulding.
A film formed on mica by adsorption or deposition can, in 
som e circum stances, be removed from the m ica sh e e t by 
peeling or allowing the film to “float off* in a su itab le solvent. 
This modification process has the advantage th a t the surfaces 
formed can be relatively thick, and for polymer films it m ay be
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possible to completely replace the mica sheets. It is conceivable 
th a t th is technique could be used to form surfaces from almost 
any m aterial, C hapter 3 dem onstra tes the application of th is 
technique to producing metal and polymer surfaces.
6.4 Covalent modification.
Mica, which is normally chemically inert, can be activated 
tow ard reaction  w ith chlorosilanes by trea tm en t w ith a low 
tem perature plasm a. Plasm a treated  m ica is unstab le  in w ater 
bu t, trea tm en t w ith silanes creates more stable surfaces. The 
stab ility  of the silanated  surfaces depends on the silanating 
agent. T reatm ent w ith trim ethylchlorosilane creates a  surface 
which degrades by hydrolysis of the surface reacted silane. With 
a fluorocarbon silane hydrophobic surfaces can prepared which 
m aintain  (unlike m ica coated with a Langmuir-Blodgett layer) a 
high contact angle, independent of the salt concentration of the 
te st droplet. It should be possible to use the plasm a technique 
to produce surfaces with a variety of chemical compositions and 
properties. For instance, polymer films m ay be coated on the 
surface or reactive groups introduced. Further, mica treated with 
a w ater vapour p lasm a is reactive tow ards a  large num ber of 
different ch lorosilanes and it should  be possible to exploit 
existing coupling agen t chem istry  to produce functionalized 
surfaces, for exam ple, polym ers or even p ro te ins could be 
covalently attached to mica and the forces studied.
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PART III
NEW FORCE MEASUREMENT 
TECHNIQUES.
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1. The Israelachvüi apparatus.
The surface force ap p a ra tu s  of Israelachvüi (Mk II) has 
three levels of separation control. The principles of operation of the 
differential spring and piezoelectric tube (the m edium  and  fine 
separation controls) are presented in Chapter 2, Part 1. The coarse 
control uses an  accurately m achined dove tail slide (item 1. fig. 1). 
This slide is fixed to the outside of the m ain cham ber (item 2. fig. 
1). A m otorized m icrom eter screw  (item 3. fig. 1) moves the 
coarse control slide (item 4. fig. 1) up and down. An arm  (item 5. 
fig. 1) extends from the slide and pushes a shaft (item 6. fig. 1) 
which slides through an ‘O’ ring (item 7. fig. 1) to the inside of the 
cham ber. Hanging from th is shaft is the rigid spring com ponent 
(item 8. fig. 1) of the differential spring. A sim ilar beam  (item 9. fig. 
1) controls the displacem ent of the lower shaft (item 10. fig. 1) 
which pushes the helical spring (item 11. fig. 1) against the stiff 
m em ber of the differential spring.
The upper surface (item 12. fig. 1) is m ounted a t the center 
of a piezoelectric tube (item 13. fig. 1). The tube and its m ount can 
be unclam ped  and  moved la tera lly  du ring  the  course  of an  
experim ent to allow the contact position to be changed. The other 
surface (item 15. fig. 1) is m ounted a t the end of a double cantilever 
force m easuring spring (item 16. fig. 1).
Although th is arrangem ent h as  been successfully used  for 
over 10 years there are a num ber of areas where the appara tu s can 
be significantly improved. The Mk II appara tu s has a large num ber 
of internal parts which need to be thoroughly cleaned prior to every 
experiment. The dove tail slide is 225 mm long and the motion is 
transm itted to the surfaces by a long and complicated set of beam s
Figure(l).The surface force apparatus developed by Israelachvili. (Shown over 









8. Stiff spring component




13. Peizo electric tube PZT 4 3.18mm wall thickness
14. Peizo tube mount
15. Upper surface
16. Double Cantilever force measuring spring.
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(total length 320 mm). As a resu lt even small therm al gradients can 
produce significant therm al drifts. Even in a tem perature regulated 
room (to 0.1 C°) the therm al drift is significant enough to preclude 
the m easu rem en t of forces w hich take a long tim e to reach  
equilibrium.
Backlash, which occurs when shafts slide against ‘O’ rings, 
is often present in the m echanical separation control of the Mk II 
appara tus. The teflon ‘O’ rings have to be individually m achined to 
su it each shaft and are prone to wear and can often leak.
The cham ber of Mk II is the only support for the shafts and 
dove tail slide. As a resu lt of th is, the slide, which is ‘d irty ,’ is 
connected to the cham ber early in the assem bly procedure and so 
the  chances of con tam ination  are greatly  increased . A nother 
consequence of th is arrangem ent is th a t it is very difficult to 
change the  cham ber shape. To overcome th is  problem  a large 
num ber of accessories were designed to fit inside the cham ber for 
perform ing d ifferent types of experim ent. T hese accesso ries  
fu rth er com plicate the  assem bly and cleaning procedure. For 
example a small teflon bath  and special force m easuring spring are 
required to perform  experim ents w ith sm all volum es of liquids 
with Mk II when it is obviously more logical to change the cham ber 
volume.
Synchronous m otors are used  to drive the in term edia te  
control. W ith these  m otors the drive speed canno t be varied 
w ithou t com pletely changing the gear box. A ccurate control of 
driving speed over a wide range of speeds is requ ired  for 
performing dynamic drainage m easurem ents (see chapter 2).
9 8
The piezoelectric tube m ounted in the Mkll appara tus is not 
isolated from the solution. Contam ination from the tube and the 
glue (Araldite) which is used to bond the tube can occur.
Finally the Mkll app ara tu s is extremely difficult to make, a 
great m any hours by very skilled m achin ists are required in the 
m anufacture. The resulting cost of the equipm ent is such  th a t the 
surface force technique has been accessible to only a very few.
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2. A new apparatus.
The new surface force ap p ara tu s  was designed perform  at 
leas t as well as the previous devices, b u t w ith a very m uch  
simplified design. The design had  to have a m inim um  of in ternal 
p a rts  to allow easy cleaning. The im portance of th is canno t be 
underestim ated  as the success or failure of an  experim ent is often 
determ ined by the cleanliness of the appara tus and the solutions.
The new surface force ap p a ra tu s  had  to have a m odular 
design to allow the cham ber shape or the m ethod for controlling 
surface separation to be changed w ithout having to change other 
p a rts  of the ap p ara tu s . This w as considered to be an  essen tia l 
feature in a  new design. With a m odular approach the accessories 
required  for perform ing experim ents u n d er different conditions 
are  simplified and some are even elim inated. For in stan ce  the 
ability to change the entire cham ber for one of a sm aller volume 
elim inates the need for the bath  accessory for the Mkll
With the advent of dynamic force m easurem ent techniques 
(eg. drainage and viscosity) a m uch greater range of driving speeds 
over large d is tan ces are required  and  the  new su rface  force 
a p p a ra tu s  w as designed to achieve th is . The m ost convenient 
m ethod for controlling separation  a t the O .lnm  level is to use 
piezoelectric devices. A large num ber of these devices w ith a wide 
range of expansions are com m ercially available. Piezoelectric 
devices are solid-state and they can expand and contract w ithout 
causing  any vibration. U nfortunately, the piezo devices used  by 
Israelachvili do not have sufficient range to m easure long-range or 
strong  forces. M uch larger ranges of m otion are available w ith 
piezoelectric devices m ade from other m aterials and with different
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geom etries and a long range-piezo was considered to be essential 
feature of the new apparatus.
In order to minimize therm al drift (present in Mkll due to 
the long pathw ay connecting the  m icrom eters) the m echanical 
elements in the new apparatus had to be kept as short as possible.
Given the above objectives, it is instructive to consider how 
the basic elements of an  apparatus can be assembled. The four basic 
elements of a  surfaces force apparatus are
1) The surfaces
2) M echanical and piezoelectric devices for controlling the 
surface separation.
3) A force-m easuring spring (or other device)
4) . A reservoir or cham ber for bath ing  the surfaces in the 
liquid in which the experiments are to be performed.
All the possible ways of interconnecting the various elements 
are illustrated in Fig. 2 In the first possible arrangem ent (A in Fig. 
2.) both coarse and fine control are connected to the upper surface 
and the spring is connected to the cham ber. This arrangem ent was 
employed in an  appara tus developed by H orn .1 The attachm ent of 
the spring to the cham ber and all the control m echanism  to the 
o ther surface m eans th a t e ither the entire cham ber or the  
separa tion  control needs to be moved in order to change the 
contact position between the surfaces. The second arrangem ent (B) 
and (C) do not require a connection between either of the surfaces 
and the cham ber and so are preferred to allow interchangeability of 
cham bers and to allow the contact position to be easily changed. If a 
piezoelectric tube is used as the fine control then  functionally the 
la s t two options are equivalent. One of the surfaces should  be











Figure(2). The various ways of interconnecting the basic elements of a surface 
force apparatus are depicted diagramatically.
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m ounted a t the center of the tube to ensure the motion is as linear 
as possible and so arrangem ent (B) is preferred.
The surface force ap p ara tu s, designed along these lines is 
illustrated  in Fig. 3. A cylinder was chosen for the cham ber shape 
to simplify m achining although the cham ber could be of any shape. 
The working parts of the appara tus are connected to a single flange 
w hich bo lts  onto the  cylindrical cham ber. Both surfaces are 
supported by this plate. The upper surface is m ounted a t the center 
of a piezoelectric tube (see later) and p ro trudes th rough a off- 
cen ter hole in the top plate. This m ount can  be unclam ped and 
moved sideways during the course of an  experim ent to allow the 
contact position between the surface to be changed.
In order to elim inate the use of ‘O’- rings a diaphragm  was 
employed to isolate the driven end of the shaft, outside the box, 
from the inside of the cham ber and in th is respect the design is 
sim iliar to a  la ter design by Israelach vili.2  The diaphragm  is 
clam ped by a locking n u t and  w asher. The shaft itself passes 
through the diaphragm  and a circular collar passes over the shaft 
from above the diaphragm . A locking n u t com presses the collar to 
seal the diaphragm  onto the shaft. This collar can be released and 
the shaft (and as a consequence, the force m easuring spring) can be 
rotated about the axis of the shaft. This assem bly forms the basic 
ap p a ra tu s . The control of surface separation  can  be altered by 










WHITE LIGHT FILLING PORTS
Figure(3). Schematic diagram of the force measuring apparatus. The top plate 
and upper mount are shown in section and removed from the main chamber. 
The crossed-cylinder arrangement for the surfaces is shown enlarged (Insert). 
A window in the bottom of the chamber allows white light to pass through the 
surfaces. A microscope (not shown) focuses the light emerging from the 
surfaces, through the centre of the piezoelectric tube, onto a spectrometer slit. 




There are a large num ber of different piezoelectric m aterials 
with different properties available and these are described in ref. 4 
and 5. These m aterials can be used  to fabricate tubes of varying 
length, wall th ickness and diam eter. The axial deform ation of a 
radially poled tube is given by:
0L = d3 iV L/e (1)
where L is the length of the tube and  e the th ickness. d3 i is a 
constant (charge density at axis one divided by the stress along axis 
three). By changing the m aterial type, the wall th ickness e and the 
length of the tube the expansion for a  given voltage can be changed. 
The linear piezoelectric equation (1) provides a phenomenological 
descrip tion  of the p roperties of the  tube , b u t piezoelectric 
m aterials can display a considerable am ount of hysteresis and creep 
which depend on the geometry and m aterial type. Fig. 4 shows the 
extension of a num ber of piezoelectric tubes with applied voltage. 3 
M odern piezoelectric m aterials su ch  as lead zirconate titan a te  
(PZT) can be grouped into one of two types.
1) Hard PZT m aterials have a high Curie tem perature (the 
tem perature above which the dipoles in the crystal are random ly 
oriented) and are not easily poled or depoled.
2) Soft PZT m aterials have a Curie tem peratures below 200° 
C and are readily poled and depoled a t high electric fields a t room 
tem perature.
Hard PZT m aterials have good linearity  and low hysteresis 






Figure (4). The expansion and contraction of a piezo electric tubes 
with applied voltage? The arrows indicate the tube contracting. All 
tubes were 25mm long and with a 38 mm outside diameter. The 
material type and wall thickness are given in the legend.
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the overall extension) w hereas the softer m aterials display m uch 
larger hysteresis  (20%) b u t produce larger d isplacem ents for a 
given voltage. Unfortunately, the higher stabilities of the hard  PZT 
are also accompanied by a relatively low expansion per volt. Hard 
PZT m aterials give a m uch more linear response w ith applied 
voltage than  do their soft m aterial counterparts. Nonlinearity arises 
because  a t the high end of electric field s tren g th  no fu rth e r 
alignment of dipoles in the m aterial can occur.
All piezoelectric m aterials exhibit a short-term  dim ensional 
stabilization or “creep” which takes place after a  step change in 
voltage (see Fig. 5). The initial response of the tube (in a fraction of 
a millisecond) is followed by a sm aller change in extension over a 
m uch longer time scale (up to 100s).
There is very little effect of the expansion of piezoelectric 
m aterials u nder applied load (this property is of u se  later) and 
their therm al properties are sim ilar to other ceram ics. The poling 
process is susceptib le to ageing which causes a gradual loss in 
sensitivity with time. In general, ageing in hard  m aterials is alm ost 
negligible whereas softer m aterials can age quite quickly.
The only piezoelectric tube w hich had  a low enough 
hysteresis and was relatively free from creep b u t with a significantly 
increased range w as a tube of length 50m m  and wall th ickness 
3.18mm m ade from PZT-4 material. This tube gave an  expansion 
of a t least 1.2 pm and the displacem ent w ith voltage was highly 
linear (Fig. 6). W ith th is  tube  alm ost any force curve can  be 
m easured, b u t an interm ediate fine m echanical control is necessary 
to m easure very strong forces. C hapter 4 shows how the hysteresis 










Figure(5). The effect of creep in piezo electric materials is illustrated 
schematically. A step change in voltage causes an immediate change in the 
extension of the device followed by a slowly decaying dimensional change. 
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Figure(6). The expansion (filled circles) of the piezo electric tube as determined 
by FECO interferometry plotted against the voltage applied to the tube. The 
surface separation on contraction of the piezo is shown by the empty circles.
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The piezo tubes were incorporated into a new m ount which 
isolates the tube from the liquid bathing the surfaces. One type of 
m ount is required for tubes of a standard  length and another for the 
extended tube. Both these m ounts are shown in cross section in 
Fig.7. Both m ounts operate on the sam e principle. A tube which fits 
inside the piezo or outside the piezo slides against a tightly fitting 
m achined teflon seal. This tightly fitting seal in no way im pairs the 
motion of the tube, there is no backlash and no hysteresis because 
the piezo expansion is independent of small loads.
2.2 Mechanical Separation Control.
There are a g rea t n u m b er of com m ercially  availab le 
translation  stages. A num ber of different microm eter-driven stages 
were tried for the m echanical control. The translation stage bolts to 
a support which in tu rn  bolts to the top plate. The shaft is then  
attached to the end of the translation  stage. A gear is m ounted on 
the m icrom eter shaft and th is is driven by a motor. The optim al 
combination of translation stage and motor was found to be a micro- 
control .MR50-16 translation  stage driven by a Phillips DC m otor 
and gear box. With this combination the surfaces can be driven a t a 
speed as low as a few tens of nanom eters per second and the 
surfaces can be positioned to within 10 nm.
An in term ediate  m echanical control is achieved w ith a 
differential spring which has some im portant differences in design 
w hen com pared w ith the devices used  by Israelachvili. Simple 
parallel rectilinear springs exhibit excellent linearity  over sm all 
displacem ents. To minimize m anufacturing  errors and unw anted 





Figure(7). Two types of sealed piezo mount are shown in cross-section. The 
upper mount is designed for 50mm long tubes and the lower mount for the 
shorter 25mm long tubes. The piezo tubes are sealed by teflon rings.
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single block of material. Such a m onolithic spring device can be 
produced either by m achining the analogue of a leaf spring device 
(such as used  in the Israelachvili appara tus) or by using  stiff 
m em bers pivoting about w eb-hinges (flexure hinges)®. The leaf 
spring type is more difficult to m achine and optimal performance 
can  only be achieved w ith  co rrec tion  devices app lied  to 
com pensate for m achining errors? , b u t no such  correction device 
is applied to the double cantilever leaf spring used by Israelachvili. 
Fig.8 illu stra tes a simple web flexure hinge device and a double 
cantilever leaf spring device. A flexure hinge device is employed as 
the stiff spring in the differential spring in the new surface force 
apparatus, a  weaker helical spring is pushed by a  second translation 
stage against th is  single m achined block. The differential spring 
bolts to the coarse control translation stage and acts along the same 
axis of motion as the coarse control.
The flexure hinge device should perform better than  a leaf 
spring counter part because it is forced to pivot about only 4 points. 
This type of leaf spring is also m uch sim pler to m ake because 
ac cu ra te  m illing over large d is tan ce s  is n o t requ ired . The 
construction  of the device begins w ith drilling eight holes which 
form the hinges in the device which is the only critical step. A 
plot of displacem ent against the motion of the m icrom eter which 
pushes the weak helical spring is shown in Fig.9. The displacem ent 
is alm ost perfectly linear over the entire range of the device.
Figure (8). A simple flexure hinge device (left column ) is compared with a double 
cantilever leaf spring. The springs are shown undeflected (A) and deflected (B). The 
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Figure(9). The displacement of the differential spring plotted against 
the position of the micrometer stage which pushes against the helical 
spring. The position is detected by detecting the rotation of the shaft 
with a potentiometer.
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2L3 Description o f apparatus.
The complete appara tu s is shown in section views in Fig. 
10. and Fig. 11. All working parts of the apparatus are connected to 
the top plate (Item 2) which is fixed to the cham ber (item 1) with 
six screws. The piezo assem bly (item 12) is clamped to the top 
plate by a metal ring. The double cantilever force m easuring spring 
(item 13) is clamped onto the m echanical separation control shaft 
(item 3). This clamp can be undone to remove the entire force 
m easuring spring. Mounting of the lower surface, after gluing the 
mica to the disk, is easily performed with the spring removed from 
the apparatus.
The sh a ft passes  th ro u g h  the  d iaphragm  (item 7) and 
connects to the  flexure hinge spring  (item 4). The m onolithic 
flexure hinge device is fixed to the coarse control translation  stage 
(item 15 fig. 11.). The weak helical spring (item 5) is com pressed 
by an  arm  (item 17) which is connected to a second translation  
stage (item 16). Both translation  stages are driven by DC motors. 
M ovement of th e  coarse tra n s la tio n  stage moves the  en tire  
differential spring assem bly. This arrangem ent has a significant 
advantage. The range and calibration of the differential spring is 
completely independent of the position of the coarse control and 
the entire m echanical separation control m echanism  is completely 
isolated from the cham ber by the diaphragm.
The entire appara tu s is m ounted on a large circular plate 
(item 14) supported  by th ree  legs. The legs re s t in kinem atic 
m ounts identical to those used by Israelachvili.
Figure(10 and 11).Photographs of the new surface force apparatus and 
section views (fold out) are shown in the next four pages. The first view is a 
section through the long axis of the force measuring spring. The next diagram 
shows the section at right angles to previous section through the centre line of the 
shaft. The figures refer to the following.
Item Description
1 . Main chamber
2. Top plate
3. Shaft
4. Flexure hinge spring
5. Weak helical spring
6. Translation stage mount
7. Diaphragm seal
8. Diaphragm compression nut
9. Lower surface
10. Upper surface
11. Piezo electric tube
12. Piezo tube mount
13. Force measuring spring
14. Base plate
15. Coarse control translation stage
16. Fine control translation stage
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One of the m ost im portant features of the new ap p ara tu s  is 
th a t it is completely free from backlash. All three appara tuses so far 
constructed have shown no backlash in the m echanical separation 
control. The appara tu s appears to be less prone to therm al drifts 
and is m uch better sealed than  the Mkll apparatus. The differential 
spring has an  overall range of 15pm and can control the separation 
to w ith in a few nanom eters. The speed can be varied from a few 
hundred  n m /s  to 1 n m /s  by changing the voltage applied to the DC 
m otor. Both the differential spring and piezoelectric tube  offer 
excellent linearity over their entire ranges. Both short-range and 
long-range surface forces m easured w ith the appara tu s are shown 
in figs. 2 and 4 in C hapter 3, P a rti, and excellent agreem ent is 
obtained between the forces m easured w ith the differential spring 
(squares in fig.4) and the piezoelectric tube (triangles in fig.4) .
The ap p ara tu s  is m uch sim pler to construct and m aintain; 
the num ber of hours required to construct the ap p ara tu s  is less 
th an  half th a t required to construct a  Mkll. The ap p ara tu s  is far 
easier to clean th an  the previous equipm ent. The circular cham ber 
allows easy access to all parts  and there are very few internal parts. 
Assembly of the ap p ara tu s  can be done in about 20 m in w hereas 
ab o u t 1 .5hrs is required  for the Mkll. The m echan ical drive 
m echanism  is attached as the last step in the assem bly procedure 
and as a result contam ination from this source cannot occur.
The appara tus is assem bled on a cleaning stand with the top 
plate parallel to the bench in a lam inar flow cabinet. The air from 
the cab inet passes across the face of the plate and there  is no 
restric tion  to the air flow, unlike the Mkll ap p a ra tu s  and as a 
re su lt the risk  of contam ination  is fu rther reduced. Finally, the
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p iezoelectric  tu b e s  are  sea led  from  th e  so lu tio n  and  so 
contam ination from this source is eliminated.
In sum m ary the apparatus has the following advantages:
1) M odular design to allow drive m echanism , cham ber and 
other parts of the apparatus to be changed.
2) Greatly simplified internal parts  to allow easy cleaning.
3) Increased range of driving speeds and a reduction  in 
vibration caused by the driving motors.
4) Drastically simplified m anufacture based around the use of 
com m ercially available tran sla tio n  stages and cylindrical 
cham ber geometry.
2.4 Attachments.
A num ber of different attachm ents have been designed to 
allow a variety of different experim ents to be performed. Several 
types of cham ber have been constructed  w ith different volumes 
(from 40 ml to 400 ml). Fig. 12 shows a cham ber with a volume of 
40mls. A num ber of o ther types of cham ber can be envisaged. An 
all-teflon cham ber could be constructed  to be incorporated as 
part of a  dipping well for a Langmuir-Blodgett trough.
The spring constan t can be changed during the experiment 
by employing a double cantilever variable spring sim iliar to the 
device designed for the Mk II appara tu s^ . The device described in 
ref. 9. has a num ber of disadvantages. The m ost serious being an 
inability  to unclam p the leaf springs before sliding the spring 
clamp. This m eans th a t the spring clamp cannot be m ade very tight 
or the leaf springs will buckle when the slide is moved. The design 
of th is device is very complicated and the assem bly is difficult. The 
device is also difficult to make.
Figure(12). The small chamber is shown attached to the rest of the 
apparatus in section (top) and a plan view (bottom).
A diagram of the new double variable spring is shown in Fig. 
13. This device h as the feature th a t the spring clam p can be 
disengaged prior to changing the spring stiffness. This is achieved 
w ith a cam which ro tates to lift the spring clamp from the leaf 
springs prior to sliding. The sliding block ru n s  along two rails 
which are fixed to a block which is in tu rn  connected to the main 
shaft. Not only is th is  device more functional th an  the  previous 
version, it is also m uch simpler to construct, requiring only half the 
m achining time of the older version. It also has fewer p arts  and is 
simpler to assemble and clean.
A side plate is incorporated into the m ain cham ber of the 
appara tus and this allows access to the surfaces after the apparatus 
is prepared  for assem bly. The surfaces can be m ounted, while 
m ain ta in ing  them  u n d er w ater as required  by the Langm uir- 
Blodgett deposition technique, through  th is side plate by placing 
the ap p ara tu s on its side. A ball and socket syringe injection port 
can also be m ounted on th is plate to allow a droplet of fluid to 
placed between the surfaces w ithout removing the ap p ara tu s from 
the optical system.
The v ap o u r p re s su re  in sid e  th e  a p p a ra tu s  can  be 
conveniently controlled for the study of capillary condensation and 
for changing the com position of a droplet between the surfaces. 
This is achieved by placing a vessel inside the ap p a ra tu s  and 
changing the composition of the liquid in the vessel.^ The viscosity 
in th in  films between the surfaces can be m easured with the lower 
surface m ounted on a piezoelectric bimorph. A sine wave is applied 
to the piezoelectric tube and the am plitude and phase difference 
(which depends on the  coupling betw een the surfaces) can be 
detected w ith the bim orph and a lock-in-am plifier. 10 Recently
Force measuring springs
Slider Adjusting cam
Figure (13). The double variable spring designed for the new surface 
force apparatus. The section view below shows the the spring clamp and 
slider with and without the adjusting cam lifting the clamp.
Israelachvili described  a technique for m easuring  the friction 
between the mica surfaces and th is type of experiment can also be 
performed with this apparatus. H
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One of the m ost tim e consum ing p a rts  of surface force 
m easurem ents is the recording and calculation of the force vs. 
d is ta n c e  cu rves. The n o rm al s tep -w ise  m ethod  of force 
m easurem ent requires noting down the spectrom eter reading and 
the voltage applied to the  piezo crysta l or the  po ten tiom eter 
reading for each point along the force curve. The separation  and 
the force is calculated by typing these num bers into an  appropriate 
com puter program and th is is usually  done after the experim ent is 
completed. Apart from the obvious inefficiency of th is process there 
are a num ber of d istinct disadvantages with th is procedure. Firstly 
the m axim um  speed w ith which the force ru n  can be m easured  is 
determined largely by the rate at which the num bers can be w ritten 
down. Secondly, a lot of time can be w asted on m easuring  force 
ru n s  w hen  eq u ilib riu m  h a s  n o t b een  o b ta in ed  or w hen  
contam ination is p resen t because these effects can be difficult to 
recognize before the resu lts  of the force ru n  are obtained. If the 
calculations are not performed until after the experim ent is over 
then  these effects may not be recognized and a  substan tia l p a rt of 
the experiment can be wasted. Obviously a system  which allows the 
autom atic recording and calculation of the force vs. distance curves 
is of significant advantage from both a convenience and technical 
stand  point. This chap ter describes a system  which was developed 
in order to allow autom atic collection and com putation of force vs. 




There are three pieces of inform ation th a t are required for 
force m easurem ent. The spectrom eter reading, the potentiom eter 
reading a n d /o r  the piezo voltage. The later two readings are simply- 
in p u t into a com puter w ith a 12 or 16 b it digital to analog 
converter. The spectrom eter reading is norm ally m ade w ith a 
optical encoder. These devices consist of a disc with a num ber of 
fine slots cu t into it (from the outside toward the centre). The slots 
chop a light beam  falling onto a photo transisto r or diode and the 
pu lses from th is  device are counted. The pu lses are +5V TTL 
compatible and so may be counted directly with the com puter, b u t 
the com puter would need to be constantly monitoring th is signal in 
order not to miss any counts. It is unlikely th a t this can be achieved 
with a duty cycle which includes collecting data from other sources 
and performing calculations.
A nother alternative to directly counting these pu lses with 
the com puter is to use  a dedicated counting circuit and feed the 
o u tp u t from th is  in to  a  com puter. The CV-18 co u n te r from 
M icrocontrole allows th is  to be done 1. The coun ter o u tp u ts  a 
b inary  coded decim al (BCD) signal w hich rep resen ts  th e  to tal 
num ber of counts.
M acintosh com puters are routinely used  for d a ta  analysis 
The hardw are chosen for the interface had to be com patible with 
these com puters. GW In stru m en ts  MacAdios I or MacAdios II 
general purpose in terfaces are su itab le  devices 2. They have a 
num ber of analog in p u t channels and a num ber of analog ou tpu t 
channels as well as parallel digital I/O . The complete configuration 
of the system is shown in fig. 1.
Figure(l). A block diagram showing the hardware configuration for the computer 
acquisition of data associated with surface force measurements. (ADC, analog to 
digital converter and DAC, digital to analog converter).
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3 .2  Software.
The software is required to perform the following functions.
1) . Continuously update the readings from the apparatus
2) . Calculate the surface separation  corresponding to the 
position of the graticule
3) . Write the data to a disc file when requested.
4) Control the output to drive the piezo.
5) Perform any of the operations allowed from the m enu.
The program  consists of five m ain segm ents as listed above
and they are executed one after the other in a continuous loop 
during program execution.
The pot and  piezo read ings are sim ply read  from the 
appropriate ports on the  interface, b u t the inpu t of the encoder 
reading is not as straightforward. Fig. 2 shows the tim ing diagram  
for the  o u tp u t of the  M icrocontrole encoder and how th is  is 
connected to the 16 b it parallel interface. The d a ta  from the 
encoder is ou tpu t a t a  rate of 400Hz. Each digit is selected in tu rn  
and its value is ou tpu t on the data  lines. A +5V pulse is ou tpu t on 
each of the digit select lines, one a t a time, until all the digits have 
been presented on the data  lines and then  the process is repeated. 
At any instance the integer num ber presented to the parallel input 
port will consist of the value of one of the digits plus 2 4+n where n 
is the place num ber for th a t digit (i.e. 0 for the units, 1 for the tens 
etc). If r is a  reading taken from the 16 b it parallel inpu t port then 
to find the place num ber n for the digit ou tpu t the value of n  for 
which 2 ^+n < r < 2 ^+n iS found. The value of the digit is simply r- 
2 ^ +n. The encoder value is obtained by sum m ing (r-2^+ n)* ion 





































Figure(2). The timing diagram for the binary coded decimal (BCD) output of the 
Microcontrole CV18. These lines are connected to a 16 bit parallel input port with 
each line connected to the bit number shown on the right.
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between the high to low transition and the next low to high there is 
a 6|is period where the ou tpu ts are unstable. If a reading is made in 
this period any num ber can be obtained. To avoid th is problem the 
parallel inpu t port is sam pled a t 20kHz for one hundred  num bers. 
For each encoder place a t least four identical readings m ust be 
obtained, after th is  condition is m et the value and place are 
calcu lated  as above. The next block of a t least four identical 
num bers are found, which m ust have the next select line high, and 
the process repeated until the full encoder reading is found.
The d ata  from the interface is continuously updated  and 
displayed (Fig. 3. shows the screen display). Several m enu options 
are available to the user, the “File”, “Edit” and “Set u p ” m enus. 
The file m enu contains the com m ands necessary to m anipulate files 
with the program. Files can be opened and closed and the program 
can be exited from th is m enu. After a file is allocated for storage the 
d a ta  is appended  to the  file each  tim e a read  operation  is 
performed. As a resu lt there is no possibility of losing the data.
Two options are  available in  the  "Setup" m enu . The 
calculation option provides the facility to calculate the distance in 
Ä from the m easured  fringe position directly. This d istance is 
updated  each tim e the  spectrom eter reading is updated  and as 
su c h  p rov ides a rea l tim e m e asu rem e n t of th e  d is tan ce  
corresponding to the curren t graticule position. To use th is facility 
the u se r selects "Calculation" option under the "Setup" m enu and 
the display shown in figure 4 is produced.
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Odd Beta Reading 0 Reference 0
Odd Gamma 0 Reading 0
Even Beta 0 Dispersion 0
Refractive Index t .33 ji-mica ■ 1.1 L —
*
O Measuring on Odd (5) Measuring on Beta r 
(•> Euen O Gamma ^
Figure(4). The Calculation Setup Window
The values of the wavelengths for the contact positions are 
typed into the places provided. The reference is the wavelength of 
the reference spectral line being used (usually the green m ercury 
line). The value of “Reading” should be the spectrom eter value of 
the reference line being used  (usually se t to 0). The d istance is 
calculated using eqn. 2 in section 2.4.1 and displayed in the data 
collection window fig. 3. each time a program loop is executed.
There are a num ber of ways of controlling the motion of the 
piezo elem ents with the program. The u ser has the choice of either 
driving or m easuring. If the piezo is being driven th an  a voltage is 
p resen ted  a t the o u tp u t of the digital to analog converter, th is  
voltage is controlled by the  program  and can  be ram ped  or 
con tro lled  w ith  a p o ten tio m e te r or w ith  p u sh  b u tto n s . If 
m easurem ent of the piezo voltage is required then  th is is achieved 
by reading the appropriate analog to digital converter. The ou tpu t 
files produced by the program  are com patible with several spread 
sheet programs. After the data for a force ru n  is collected the user
can transfer to one of these program s to further process the data 
and to display the force distance curves.
References.
1. From Microcontrole, France, CV18.
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4 Capacitance measurements.
As outlined in the in troduction (Part I, section 2.4.2) the 
capacitance betw een two p la tes can be used  to m easu re  the 
separa tion  betw een the p lates. There are two m ain difficulties 
associated w ith the use of th is type of capacitance tran sd u cer. 
F irstly an  AC carrier voltage m u st be applied to the p la tes and 
electronics are required to dem odulate the DC response from the 
signal. The second com plication lies in isolating the tran sd u ce r 
capacitance from any stray  capacitance associated with the cabling 
to the transducer.
To detect the DC pressure from a capacitance tran sd u cer a 
diode bridge circu it can be used. The diodes used  can  produce 
considerable drift in the ou tpu t if care is not taken in the selection 
of a tem perature m atched diode bridge. In recent tim es dedicated 
in te g ra ted  c irc u its  have becom e availab le  for cap ac itan ce  
m easurem ents. Viasala, a  F innish company, produces an integrated 
circuit which can detect a 0.1 fem tofarad change in capacitance 
over a 10 picofarad range 1. This sensitivity is ample for m easuring 
separation at the 0. in m  level. A reference capacitor and a few other 
com ponents are all th a t are required to use the integrated circuit. 
As a  resu lt the circuit can be m ounted very close to the capacitance 
transducer and so stray  capacitance from cables can be eliminated.
4.1 Piezo Linearity Control.
With an  appropriate arrangem ent capacitance m easurem ent 
can be used to control the creep and the hysteresis which occurs 
in piezo tubes which have a large overall range (see section 2.1).
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The ou tpu t of a capacitance transducer connected to the piezo tube 
can  be u sed  to linearise  the d isp lacem en t of the piezo by 
continuously adjusting the voltage applied to the piezo to m aintain a 
co n s tan t sensor reading. This has been achieved with com puter 
control and a dedicated circuit.
To m easure the extension of a piezo tube the capacitance 
p lates need to be m ounted w ith one plate fixed to one end of the 
tube and  the other fixed to the other end. The plates them selves 
need to polished sm ooth and be highly parallel to each other. The 
gap between the plates with the piezo in its resting position needs 
be ad justed  to a w idth of only a  few m icrom eters. To achieve these 
requ irem ents a sm all flexure hinge device w as constructed  and 
m ounted on the outside of a standard  piezo tube m ount (the lower 
m ount in figure 7, chapter 2, part III). This device, shown in fig. 1, 
was m achined from a single block. The upper part forms a double 
cantilever rigid spring and th is allows the lower capacitor plate to 
be displaced while rem aining highly parallel to the upper plate. The 
lower arm  forms a lever which pivots about point A. A fine pitch 
screw pushes against one end th is lever and the other end of the 
lever pushes the double cantilever spring. The motion of the screw 
is reduced by a factor of 30 w ith the lever. A single tu rn  of the 
ad ju stin g  screw  moves the  p late by 10pm and so the  p la te  
separation is easily controlled to within 1pm.
The two p la tes were connected to the “Capic” in tegrated  
circuit produced by Visala circuit with two independently sheilded 
cables. The ou tpu t from the Capic circuit is pulse width m odulated 
and th is was converted to a DC voltage with a dem odulator circuit. 
The o u tp u t from th is circuit was then  connected to a 12 b it analog 
in p u t channel of the d a ta  acquisition system  described in the
Upper Capacitor plateGap adjusting 
screw ^
Lower Capacitor plate
\ \ \ \ \ ~
Reduction Lever
Pivot A
Figure(l). The piezo capacitance transducer is shown (in section) mounted on the 
piezo tube holder (see Chapter 2 Fig. 7). The gap is adjusted with by displacing the 
lever arm which pivots at point A and this displaces the double cantilever on which 
the lower capacitance plate is mounted.
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previous chapter. The o u tp u t from a 1000 V HV am plifier was 
applied to the piezo. The amplifier was driven by a 16 bit digital to 
analog converter channel from the com puter in terface, th is  is 
depicted schematically in Fig. 2.
The expansion of the piezo was controlled with a com puter 
p rogram  in  th e  following m an n er. The voltage from  the 
capac itance sen so r w as read from the  appropria te  port. This 
read ing  w as com pared w ith a se t-po in t voltage. The difference 
between the values w as sum m ed each time th rough the  program 
loop and ou tpu t to the digital to analog convertor. The piezo can be 
sim ply disp laced  by changing the se t po in t value. W hen the 
difference between the se t point and the capacitance are large then 
the piezo is displaced by a large am ount, if the capacitance reading 
is equal to the set-point then  no displacem ent of the piezo occurs. 
Fig.3. shows a plot of the surface separation  m easured  by FECO 
against the sensor ou tpu t voltage.
The hysteresis and  creep are com pletely com pensated for 
w ith th is system . One com plication w ith th is  system  is th a t the 
m otion is not sm ooth due to the fact th a t the cycle tim e for the 
program  is slow: however, th is is simply overcome by a dedicated 
control circuit. This can be achieved with a com bination of a error 
amplifier and an  in tegrator Fig.4. shows the schem e. This circuit 
can be implemented w ith suitable op-amps.
4.2 Force Detection.
A n o th er a p p lic a tio n  of th e  c a p a c ita n c e  se p a ra tio n  
m easurem ent is in detecting the force between the two surfaces 






INTERFACE 16 Bit DAC 12 bit ADC
Figure(2). The hardware configuration for computer correction of 
piezo creep and hysteresis is shown schematically.
3 0.9
Distance (nm x 10^ )
Figure(3). The dislacement of the piezo, as measured by FECO, is plotted 
against the sensor output volatge. The voltage driving the piezo was 
controlled by computer so as to maintain a set point value and this value 









Figure(4). The dedicated control elecronics for piezo hysteresis and creep 
control is shown schematically.
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m easuring spring. Fig. 5 shows the device schematically, the upper 
capacitor plate is connected to the spring support block and the 
lower plate is connected to the disc m ount. Three adjusting screws 
(detail not shown) allow the gap between the sensor plates and the 
tilt on the upper plate to be adjusted. The capacitance m easured 
between the plates is directly related to the spring deflection and 
so the force between the surfaces can m easured directly. Fig. 6 
shows a plot of the spring deflection against the voltage ou tpu t 
from the capacitance sensor. This plot was generated by using a 
piezoelectric tube of the type discussed in the previous section to 
displace the force m easuring  spring. The piezo m ovem ent was 
calibrated by FECO interferometry. This device effectively m easures 
the spring deflection although it is yet to be used  for direct force 
m easurem ent. With th is device a new range of force m easurem ent 
techniques becom es available: for instance, the feed-back circuit 
d iscussed  in  the  previous section could be used  to control the 
displacem ent of the piezo to m aintain a constan t force and so force 
m easurem ent in system s with long equilibration time are possible.
Lower Surface Upper Capacitor Plate.





Figure(5). The capacitance force sensor is shown diagramatically (in section view).
0.25
Sensor Voltage (V)
Figure(6). The spring deflection for the capacitance force sensor 
is plotted against the output from the sensor.
References.
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Appendix
Data acquisition computer program. The program is written 
Microsoft Basic for the Macintosh and uses the routines 
supplied by GW Instruments.
REM A program to allow automatic data acquisition for surface force measurement.
REM Written by J. L. Parker
REM Department of applied maths, ANU (1989)
REM Set up program 
GOSUB initialize
window .current% =0 
idle% = -1
REM Main Program loop 
WHILE idle%
IF macadios.err%<>-3 THEN GOSUB update.monitor 
IF retum.flag%=l THEN SOUND 100,1: GOSUB retumkey 
menuo% = MENU(O) 
dialogo% = DIALOG(O) 
mouseo%= MOUSE(0)
IF menuo% o  0 THEN GOSUB menu.event: REM proccess menu 
IF mouseo% o  0 THEN GOSUB mouse.event: REM Process Mouse 
















WINDOW 2,"Monitor window", (50,80)-(370,250),2 
CALL TEXTFACE(l)
CALL MOVETO( 100,10): PRINT "Piezo Control"
IF &meas% =2 THEN bal% =2:ba2%= 1 
IF dmeas% =1 THEN bal% =l:ba2%= 2 
BUTTON l,bal%,"Drive or ”, (80 ,20)-(175,35),3 
BUTTON 2,ba2%,"Measure ", (180^0)-(270,35),3 
CALL MOVETO(175,35):CALL LINETO(175,170)
IF c.p.bJc% =1 THEN bal% =2:ba2%= 1 
IF c.p.bJc% =2 THEN bal% =l:ba2%= 2 
BUTTON 3,bal%,"Buttons", (20,50)-(100,65),3 
BUTTON 4,ba2%,"Knob ",(20,70)-(80,85),3 
REM IF AIO% = 16 THEN bal% =2:ba2%= 1 
REM IF AIO% = 12 THEN bal% =l:ba2%= 2 
REM BUTTON 5,bal%,"16 bit",(20,130)-(80,145),3 
REM BUTTON 6,ba2%,"12 bit",(85,130)-(155,145),3 
AIO% = 12
CALL MOVETO(20,114):PRINT "Knob Gain"




BUTTON 9,1 ,"xl0",(220,80)-(310,95),3 
BUTTON 10,l,"xl00",(220,100)-(310,115),3 
WHILE ed% = 0 
dialogo% = DIALOG(O)
IF dialogo% =1 THEN 
b% = DIALOG(l)
IF b%= 5 THEN BUTTON 6,1: BUTTON 5,2: AIO% = 16 
IF b%= 6 THEN BUTTON 6,2: BUTTON 5,l:AIO% = 12 
IF b%= 3 THEN BUTTON 3,2: BUTTON 4,1: c.p.b.k% =1
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IF b%= 4 THEN BUTTON 3,1: BUTTON 4,2: c.p.b.k% =2 
IF b%= 2 THEN BUTTON 2,2: BUTTON 1,1: d.meas% =1 
IF b%= 1 THEN BUTTON 2,1: BUTTON 1,2: d.meas% =2 
IF b% = 7 THEN ed% =1
IF b% = 8 THEN BUTTON 8,2:BUTTON 9,l:BUTTON 10,1: Meas.gain% = 1 
IF b% = 9 THEN BUTTON 8,l:BUTTON 9,2:BUTTON 10,1: Meas.gain% = 10 
IF b% = 10 THEN BUTTON 8,l:BUTTON 9,l:BUTTON 10,2: Meas.gain% = 100 
END IF 
WEND
WHILE dialogo% o  0 
dialogo% = DIALOG(O)
WEND
IF MACI.U% o l  THEN
piezo.start = piezo: REM store the piezo starting position for Knob control 
K.gain= VAL(EDIT$(1))
cwrite 145,64,2047,0,VARPTR(er%):REM write 10V on DAC0 
cread 3,0,VARPTR(value%),0,VARPTR(er%) 














IF Force.r.name$ = "" THEN RETURN 











WINDOW 2,"Monitor window", (40,60)-(470,250),2 
CALL TEXTFACE(l)
CALL MOVETO(1(X),20):PRINT "Distance Calculation Parameters" 
CALL MOVETO(20,49): PRINT "Odd Beta Reading"
CALL MOVETO(20,69): PRINT "Odd Gamma "
CALL MOVETO(20,89): PRINT "Even Beta "
CALL MOVETO(20,109): PRINT "Refractive Index"
EDIT FIELD 1, STR$(spec.n.beta),(160,40)-(240,55),l 
EDIT FIELD 2, STR$(spec.n.gama),(160,60)-(240,75),l 
EDIT FIELD 3, STR$(spec.nl),(160,80)-(240,95),l 
EDIT FIELD 4,STRS(mu.med),(160,100)-(240,115),l 
CALL MOVETO(260,49): PRINT "Reference"
CALL MOVETO(260,69): PRINT "Reading"
CALL MOVETO(260,89): PRINT "Dispersion"
CALL MOVETO(260,109):PRINT "ji-mica "
EDIT FIELD 5, STR$(lambda.ref),(350,40)-(420,55),l
EDIT FIELD 6,STR$(ref.spec),(350,60)-(420,75),l
EDIT FIELD 7,STR$(disp),(350,80)-(420,95),l
EDIT FIELD 8,STR$(mu.ave.mica),(350,100)-(420,l 15),1
IF plus.minus% =1 THEN butl%=2:but2% = 1
IF plus.minus% =-l THEN butl% =l: but2%=2
BUTTON l,butl%,"Measuring on Odd ", (40,140)-(175,155)3
BUTTON 2,but2%,"Even",(40,160)-(175,175),3
IF beta.gama% = 0 THEN butl%=2:but2% = 1
IF beta.gama% o  0 THEN butl%=l:but2%=2
BUTTON 3,but 1%,"Measuring on Beta ”, (200,140)-(360,155),3




WHILE ok% <> 1 
dlogO% = DIALOG (0)
EF dlog0% = 1 THEN 
b.s% = DIALOG(l)
IF b.s% =5 THEN ok% = 1
IF b.s%=l THEN plus.minus% =l:BUTTON 1,2: BUTTON 2,1 
IF b.s%=2 THEN plus.minus% =-l:BUTTON 1,1: BUTTON 2,2 
IF b.s%=3 THEN beta.gama% = 0:BUTTON 3,2: BUTTON 4,1 











lambda.n.beta = lambda je f  - disp*(spec.n.beta-ref.spec )
lambda.n.gama = lambda.ref - disp*(spec.n.gama-ref.spec)
lambda.nl = lambda.ref - disp*(spec.nl-ref.spec)
WINDOW CLOSE 2








IF BUTTN% = 8 THEN
IF alarm%=1 THEN BUTTON 8,2:alarm% = 0: RETURN 
IF alarm % = 0 THEN alarm%=LBUTTON 8,1: RETURN
END IF
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IF BUTTN% = 6 THEN contin%= l:BUTTON 6,2:BUTTON 7,1:RETURN 
IF BUTTN% = 7 THEN contin%= 0:BUTTON 6,1-.BUTTON 7,2:RETURN 










setrect rect%(0), 179,19,261,36 
textbox te$,rect%(0),0 
CALL FRAMERECT(VARPTR(rect%(0))) 
setrect rect%(0), 179,39,261,56 
textbox STR$(num%)ject%(0),0 
CALL FRAMERECT(VARPTR(rect%(0))) 
setrect rect%(0), 179,59,261,76 
textbox STR$(d),rect%(0),0 
CALL FRAMERECT(VARPTR(rect%(0))) 
setrect rect%(0), 179,79,261,96 
textbox STRS(pot),rect%(0),0 
CALL FRAMERECT(VARPTR(rect%(0))) 
setrect rect%(0), 179,99,261,116 
textbox STRS(piezo)^ect%(0),0 
CALL FRAMERECT(VARPTR(rect%(0)))
CALL MOVETO(40,140): PRINT "NOTES”
CALL MOVETO(295,70):PRINT "Rate"
CALL MOVETO(295,90):PRINT "Increment"




IF sw% = 2 THEN
REM the user has the switches set to piezo 
IF c.p.b.k% =1 THEN 
REM the user is not using the Knob 
rate% = (VAL(EDIT$(7))/100)*32767 
inc% = (VAL(EDIT$(8))/1000)*4095 
er% = 0 : DI.HI% = -1
cread 146,136,VARPTR(DI.M%),0, VARPTR(er%)
WHILE DI.HI% > 8192 :REM if this is true then either in or out button is down 
IF contin%= 1 THEN
REM if this true then use piezo continuously 
er% = 0
FOR Q% = 1 TO 500:NEXT 
c write 145,72,pz%,0,VARPTR(er%)
REM IF AIO% = 16 THEN cwrite 129,192,pz%,0,VARPTR(er%)
IF CNTRL.BUT%= 2 AND pz% < ouLup% - rate% THEN pz%= pz%+rate% 
IF CNTRL.BUT%= 3 THEN
REM IF AIO% = 16 AND pz% >0 THEN pz% = pz% -rate%





IF contin% =0 THEN 
REM ramping loop
IF CNTRL.BUT%= 2 THEN n=l ELSE n=-l 
FOR I%= pz% TO pz%+n*inc% STEP n
FOR s% =1 TO rate%:NEXT: REM adjust this line to change the rate 
IF AIO% = 12 THEN cwrite 145,72,I%,0,VARPTR(er%)




REM IF AIO% = 12 THEN 
cwrite 145,72,pz%,0,VARPTR(er%)
REM IF AIO% = 16 THEN cwrite 129,192,pz%,0,VARPTR(er%)
REM IF AIO% = 12 THEN
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IF OutBi.uni% =-l THEN piezo = ((pz%)/(ouLup%-Out.lw%) *Out.fact) ELSE piezo = 
((pz%-Outlw%)/(ouLup%-OuLlw%) *OuLfact)





IF Force.r.nameS = "" THEN RETURN 
NOTES = EDITS (6)




OPEN "A", #1 JForcej.nameS 
sS= TIMES
IF dattype%(l)= 2 THEN PRINT #1, s$;CHR$(9);
IF dattype%(2)= 2 THEN PRINT #1, num%;CHRS(9); 
IF dattype%(3)= 2 THEN PRINT #1, d;CHRS(9);
IF dat.type%(4)= 2 THEN PRINT #1, pot;CHR$(9);
IF dattype%(5)= 2 THEN PRINT #1, piezo;CHR$(9); 










piezo = INT(piezo*1000+.5)/1000 
pot = INT(pot*1000+.5)/1000
IF CNTRL.BUT%= 1 THEN return.flag%=l ELSE return.flag%= 0 :REM if the read 
button is pushed then set return flag so data is proc.
IF CNTRL.BUT%= 2 OR CNTRL.BUT%= 3 THEN GOSUB move.motor :REM if in or out 
is pushed move the motor 
IF cal.disLpos% =1 THEN 
spec = num%
REM calculate distance 
CALL distance(d,spec)
END IF 
teS = TIMES 
GOSUB update.num 
o.t$ = te$ 
old.num%= num% 





IF o.t$ <> te$ THEN 




IF num% o  old.num% THEN 
setrect rect%(0), 179,39,261,56 
textbox STR$(num%),rect%(0),0 
CALL FRAMERECT(VARPTR(rect%(0))) 




IF potoold.pot THEN 















AIO% = 12:b.k% =l:d.meas% =2:c.p.bJc% =l:sw% = 2 
LIBRARY "Toollib"
REM er% = 0:value%= -2047
REM c write 145,72,value%,0,VARPTR(er%)
REM pz% = value%






INPUT #2, pz.fact 
INPUT #2, Pot.u.b%
INPUT #2, pot.l.b%







WINDOW 1/'INTRO window",(60,60)-(400/Z60)^ 
window .current% =1 
CALL TEXTFACE(l)






a$ = " Written by J.L. Parker Dept. Applied Maths. R.S.PHYS.S A.N.U GP.O Box 4 
Canberra A.C.T 2601” 
textbox a$/ect%(0),l
er% = 0 
value% =0
BUTTON l , l ,”MacAdios r,(60,180)-(170,200),l 
BUTTON 2,l,"MacAdios n",(200,180)-(310,200),l 
WHILE DIALOG (0) o  0 
WEND
WHILE DIALOG (0) o  1 
WEND
MACI.D% = DIALOG(l)
IF MACI.II% = 2 THEN LIBRARY "MAII I/O - Basic"




IF MACI.H% = 2 THEN
CALL cread( 15,0, V ARPTR( value%),0,V ARPTR(er%))
CALL MOVETO(80,120)
PRINT"» Test was completed •"
PRINT
IF er%=0 THEN PRINT "Interface responds correctly!"
IF er% o  0 AND er% <> -3 THEN PRINT "Interface is not responding correctly." 




WHILE DIALOG(0) o  0 
WEND




WINDOW 1,"Monitor window",(20,40)-(490,300),2 
CALL TEXTFACE(l)
CALL TEXTSIZE(12)
BUTTON 1,2,"TIME", (40,20)-(175,35),2 
BUTTON 2,2,"SPECTROMETER", (40,40)-(175,55),2 
BUTTON 3,2,"DISTANCE", (40,60)-(175,75),2 
BUTTON 4,2,"POTENTIOMETER", (40,80)-(175,95),2 
BUTTON 5,2,"PIEZO VOLTAGE", (40,100)-(175,115),2 
BUTTON 8,2,"ALARM",(40,220)-(175,235),2 
teS = TIMES





CALL MOVETO(40,140): PRINT "NOTES"
EDIT FIELD 6, " ",(40,150)-(440,210),1 
BUTTON 6,2,"Continuous", (300,20)-(400,35),3 
BUTTON 7,1,"Ramp", (300,40)-(400,55),3
CALL MOVETO(295,70):PRINT "Rate ":EDIT FIELD 7," ",(380,60)-(460,75),l

























SUB getencoder(num%,but%) STATIC 
SHARED in2%0MACI.II%
REM This sub program gets the encoder value of the 11 bit wide 
REM Parrallel interface, the button on the control box which is down 
REM is returned in but% 
error.val% =0:slot% = 0: n = 100
IF MACI.II% = 2 THEN fastio 0,n+10,1,200,146,136,VARPTR(in2%(0)), slot%,
V ARPTR(error. val%)
IF MACI.n% =1 THEN CALL HSDIN(0,l,80,l,VARPTR(error.val%),(VARPTR(in2%(0))))





WHILE f% =< 5 AND x%<80 
STORE% =in2%(x%) 
but% = 0
IF STORE% < 0 THEN
but% = 1: retum.flag%=l:x% = 80:num%= old.num%:DI.HI%=0:DIJLO%=0 
er% = 0 : DI.HI% = -1 
IF MACI.II% = 2 THEN 




IF MACI.II% = 1 THEN
CALL din( VARPTR(DI.ffl%),VARPTR(DI.LO%))






IF STORE% > 16383 THEN but% = 2:x% = 80:STORE% =16383
IF STORE% > 8192 AND STORE% < 16383 THEN but%= 3:x% = 80:STORE%=
8192
IF STORE% >=0 AND but%= 0 THEN retum.flag%=0:GOSUB decode.digit 
WEND
IF retum.flag%=0 AND but% = 0 THEN num%=num% *neg%: old.num%= num%












EF vall% >= 1024 THEN neg%= 1 : vall% = vall%-1024 
I% = 0








SUB update.interface( num%,but%,pot,piezo) STATIC:
REM this subprogram updates all the interface readings. The encoder value,pot,piezo.
SHARED inpt%0> AIO%,d.meas% ,c.p.b.k%
,sw%,K.gain,piezo.start,knob.start^larm%,In.Bi.Uni%, Out.Bi.uni%, Pz.o.b%JPz.l.b%,pz.fact, 





IF MACI.II% = 2 THEN
cwrite 145,64,2047,0,VARPTR(er%):REM write 10V on DACO 
cread 0,0,VARPTR(value%),0,VARPTR(er%)
IF In.Bi.Uni% = -1 THEN pot = ((Pot.u.b%-value%)/(Pot.u.b%))*Pot.fact 
IF In.Bi.Uni% = 1 THEN pot = ((value%-pot.l.b%)/(Pot.u.b%-pot.l.b%))*Pot.fact 
IF d.meas% =1 THEN
REM the user is not controlling the piezo but measuring the voltage, 
cread l,0,VARPTR(value%),0,VARPTR(er%)
IF In.Bi.Uni% = -1 THEN piezo = ((value%)/Pz.o.b%)*pz.fact 




IF MACI.II% = 1 THEN 
mv% = -10000 
pz% = piezo* 10
CALL AOUT(mv%,pz%,mv%,mv%)
CALL ain8 (VARPTR(inpt%(0))) 
pot= inpt%(0)/1000
IF d.meas% =1 THEN piezo = inpt%(l)/10
END IF
EF pot < .25 THEN
IF alarm % = 0 THEN BEEP 
IF z.test%=0 THEN 
IF Force.r.nameSo"" THEN 







IF pot-o.pt > 8 THEN z.test% = 0 
o.pt = pot
IF d.meas% =2 THEN
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REM the piezo is being driven 
EF c.p.b.k% =2 THEN 
REM the user is using the Knob 
cwrite 145,64,2047,0,VARPTR(er%):REM write 10V on DACO 
cread 3,0,VARPTR(value%),0,VARPTR(er%)
IF In.Bi.Uni% = -1 THEN Knob = ((PoLu.b%-value%)/(Pot.u.b%))*Pot.fact 
IF InJBi.Uni% = 1 THEN Knob = ((value%-poü.b%)/(PoLu.b%-poü.b%))*Pot.fact 
CALL MOVETO(10,10): PRINT pz%
REM IF In.Bi.Uni% = 1 THEN
pz% =((outup% -Out.lw%)*(Knob/10)*K.gain)+Out.lw%
IF pz%>= Out.lw% AND pz%=< out.up% THEN 
cwrite 145,72,pz%,0,VARPTR(er%)
IF Out.Bi.uni% =-l THEN piezo = ((pz%)/(ouLup%-OuLlw%) *Out.fact) ELSE piezo = 
((pz%-OuLlw%)/(ouLup%-OuLlw%) *OuLfact)
END IF






REM this sub program will calculate the distance from spectrometer 
REM reading spec is the reading.disp = dispersion. beta.gama% = 0 if 
REM using the beta fringe 1 the gama fringe.
SHARED disp,beta.gama%,lambda.n.beta4ambda.n.gama,lambda.n 1, 
plus.minus%,mu.ave.mica,mu.med,ref.spec,lambda, ref,pi 
Hg.lambda.G = 540.65 
spec.Hg.g = 0
IF beta.gama% = 0 THEN lambdam =lambda.n.beta ELSE lambda.n =lambda.n.gama 
lambda = lambda.ref - disp*(spec-ref.spec)
mu.mica.infinite = mu.ave.mica*((2*lambda.n.beta)/(lambda.n.gama+lambda.n.beta))
mu.bar = mu.mica/mu.med
mu.mica = mu.mica.infinite + 476000!/(lambdaA2)
mu.bar = mu.mica/mu.med
theta = pi*((l-lambda.n/lambda)/(l-lambda.n/lambda.nl)) 
d.add = 0
IF theta > pi THEN d.add = INT(theta/pi)*(lambda/(2*mu.med))
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d= lambda/(2*pi*mu.med)
at = ATN((2* mu.bar*SIN(theta))/((l+mu.barA2)*COS(theta)+plus.minus%*(mu.barA2-l))) 
IF at < 0 THEN at = at +pi:REM theta >= 0 AND 
d = d*at + dadd 
END SUB
SUB Interface.setup(In.Bi.Uni%, Out.Bi.uni%, Pz.o.b%,Pz.l.b%,pz.fact, Pot.u.b%, pot.l.b%, 
Pot.fact,out.up%,Out.lw%,Out.fact) STATIC 




IF In.Bi.Uni% = -1 THEN bl%=2: b2%=l 
BUTTON l,bl%,"Bipolar", (40,20)-(175,35),3 
BUTTON 2,b2%,"Unipolar", (40,40)-(175,55),3 
bl%=l: b2%=2
IF OutBi.uni% = -1 THEN bl%=2: b2%=l 
BUTTON 3,bl%,"Bipolar ”, (300,20)-(400,35),3 
BUTTON 4,b2%,"Unipolar", (300,40)-(400,55),3 
BUTTON 5,1,"OK", (350^10)-(400,240),1 
CALL MOVETO(50,72): PRINT’Piezo (input)"
CALL MOVETO(50,92): PRINT"Upper"
EDIT FIELD 1, STR$(Pz.o.b%),(110,80)-(190,95),l 
CALL MOVETO(50,112): PRINT"Lower"
EDIT FIELD 2, STR$(Pz.l.b%),(110,100)-(190,115),l 
CALL MOVETO(50,132): PRINT’Factor"
EDIT FIELD 3, STR$(pz.fact),(110,120)-(190,135),l 
CALL MOVETO(50,153): PRINT'Tot (input)"
CALL MOVETO(50,173): PRINT"Upper"
EDIT FIELD 4, STRS(PoLu.b%),(110,160)-(190,175),l 
CALL MOVETO(50,192): PRINT’Lower"
EDIT FIELD 5, STR$(poü.b%),(110,180)-(190,195),l 
CALL MOVETO(50,212): PRINT"Factor"
EDIT FIELD 6, STR$(Pot.fact),(l 10,200)-(190,215),1 
CALL MOVETO(250,72): PRINT'Piezo (output)"
CALL MOVETO(250,92): PRINT’Upper”
EDIT FIELD 7, STRS(out.up%),(310,80)-(390,95),l
CALL MOVETO(250,112): PRINT’Lower"
EDIT FIELD 8, STR$(Out.lw%),(310,100)-(390,115),l 
CALL MOVETO(250,132): PRINT’Factor"
EDIT FIELD 9, STR$(OuLfact),(310,120)-(390,135),l
idle% = -1
dialogo% = DIALOG (0)
WHILE idle%=-l 
IF dialogo% = 1 THEN 
b.s% = DIALOG(l)
IF b.s% =5 THEN idle% = 1
IF b.s%=l THEN In.Bi.Uni% =-LBUTTON 1,2: BUTTON 2,1 
IF b.s%=2 THEN In.Bi.Uni% =l:BUTTON 1,1: BUTTON 2,2 
IF b.s%=3 THEN Out.Bi.uni% = -LBUTTON 3,2: BUTTON 4,1 


















PRINT #2, pz.fact 
PRINT #2, Pot.u.b%
PRINT #2, pot.l.b%







WINDOW CLOSE 3 
EXIT SUB 
END SUB
